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The general objective of the study program is to develop parametric data

for the generation, control, conversion and transmission of electric power

for space vehicles. The coolant temperature for the generator is between

500°F and 1500°F. The ratings to be studied are between one and ten mega-

watts. Voltage levels for the system are between 5000 and 50,000 volts d-c.

This report presents the technical data developed during the three-month

period ending May 8, 1962.

In compliance with the objectives of the study program, the technical in-

formation compiled during this period covers the following items:

1. Generator designs for two, five, and ten megawatts over the

voltage, temperature, and speed range.

2. Parametric data of generator weight and efficiency as a function

of system rating.

3. Parametric data of weight and efficiency for electrical conversion

and control devices as a function of system rating.

/
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1.0 OBJECTIVES OF THE STUDY

The objective of this program is to provide parametric data to aid in the study

of practical electric power generation and transmission systems for use with

electric propulsion engines. This objective is divided into four major parts:

.

.

.

Develop parametric data for electric power systems.

Prepare the parametric design data in a form readily applicable

for use in the complete analysis of power conversion systems.

Perform detailed design studies and prepare preliminary designs

for three of the most promising electric power systems concepts

resulting from the parametric data.

Summarize the required research and development areas for the

electric system. This summary will recommend programs to

cover the areas in which additional effort is required to assure the

successful design and development of a flight prototype system.



q
J

0

0
U

0

0

0

0

0

0

0

0
f_

U

0

0

2.0 REQUIREMENTS AND SCOPE OF THE STUDY

2.1 SYSTEM DEFINITION

The power systems studied should have the following end performance.

i. Ratings of one, two, five, and ten megawatts.

2. Voltage levels of 5000 to 50, 000 volts d-c as follows:

a. Continuous voltage variation from 5000 to 50,000 volts with

constant power output.

b. Voltage variation in steps, with a constant power output and

with 5000 volts as a minimum point and the upper point being

20_ 000 volts or greater. Limited excitation control will pro-

vide variation around these step points.

c. Voltage variation in steps only with constant power output.

d. One calculation to show the weight penalty imposed by voltage

variation from 5000 to 50_ 000 volts at constant power by ex-

citation only.

e. Continuous voltage variation from 5000 to 50,000 volts with

the output proportional.to the square of the voltage.

The systems studied should conform to the following operating conditions:

i. Generator rotational speeds between i0, 000 and 24, 000 RPM will be

studied. However, if a design point is impractical within this speed

range, the speed will be reduced until a design becomes practical.

2. Generator coolant temperatures between 500°F and 1500°F.

3. Generator bearings and seals are not a part of this study.



4. The generator coolant will be an alkali metal. Prime consideration

will be given to potassium with alternate coolants being sodium,

rubidium, and sodium-potassium eutectic.

5. The generator will be exposed to alkali metal vapors which will be

considered to be present when preparing the parametric data.

6. Materials and components used shall be based on the projected im-

provements of the present materials five years hence.

2.2 SCOPE OF THE STUDY

Parametric data shall be developed and presented in graphic or tabular form,

with a technical discussion, on the following:

Generators - Generator data shall be developed over the range of variables

for rating, speed and temperature as stated in section 2.1. Frequency shall

be determined for minimum and maximum design points and held constant

for other designs where practical.

Seals and Bearings - Consideration shall not be given to seals,

insulation and other periphery materials.

bearings,

Transmission Lines - Materials considered for transmission lines shall be

copper, aluminum, and silver°

Generator Excitation and Control - Methods of generator excitation and

control shall be studied to meet the required output voltages and rating.

Components to be included in the study are silicon-controlled rectifiers,

magnetic amplifiers with silicon rectifiers, high-temperature tubes and

magnetic amplifiers with gallium arsenide or silicon carbide high-temper-

ature- diodes.
3



Transformers mudRectifiers- Transformers and rectifiers shall be studied

to meet the end performance. The influencing parameters shall be weight,

efficiency, operating temperature, insulation system, magnetic materials,

coil materials, and frequency.

A maximum of twenty mutually selected design points will be calculated to

determine the effects of contemplated advances in techniques which, al-

though not expected to be available in five years with the present level of

effort, could be made available with increased effort.

After the parametric data has been prepared, three conceptual designs for

the electric power generation and transmission systems will be selected

and three system designs will be prepared. The systems selection must

take into account the thermal to mechanical energy conversion system

(nuclear reactor, turbine, and heat rejection radiator) and the electric

propulsion engines or electric power utilization apparatus.

Problem areas which require research to insure successful development

of these designs will be summarized and suggested programs included in

the final technical report.

No component fabrication and testing shall be required for this program.
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3.0 SECOND QUARTER PROGRESS

This report covers the progress and technical data for the second quarter

of contract NAS 5-1234, Space Electric Power Systems Study.

The purpose and scope of contract NAS 5-1234 are stated in Sections i. 0 and

2.0 of the technical report.

Summary

The general objective of the study program is to develop parametric data for

the generation, control, conversion and transmission of electric power for

space vehicles. The coolant temperature for the generator is between 500°F

and 1500°F. The ratings to be studied are between one and ten megawatts.

Voltage levels for the system are between 5000 and 50,000 volts d-c.

This section presents the technical data developed during the three-month

period ending May 8, 1962;

In compliance with the objectives of the study program, the technical informa-

tion compiled during this period covers the following items:

1. Generator designs for two, five, and ten-megawatts over the voltage,

temperature_ and speed range.

2. Parametric data of generator weight and efficiency as a function of

system rating.

3. Parametric data of weight and efficiency for electrical conversion and

control devices as a function of system rating.

5



3.1 Generator Parametric Data mudAnalysis

_The weight given for each design does not include the weight of rotor-shait

extensions, bearings, end bells, cooling tubes, or terminal boards. The

calculated electrical weights are, however, sufficient for the comparisons.

For the generator ratings considered, the weight of the above items will

add about 20% to the electrical weights.
f

The length given for each design is the distance between the tips of the

stator winding end extensions. The generator end bell lengths are not in-

cluded because they are small in comparison to the overall generator

lengths for the generator ratings considered.

Because the designs consider 6nly incremental wire sizes_ variations occur

in the generator designs as the wire size a_d number of conductors per slot

are changed to obtain the desired generator parameters° Consequent!y_ the

resulting designs may show some small variations in weight and efficiency°

SAE 4340 rotor steel was used for the 500°F, two, five_ and ten-megawatt

designs. At coolant temperatures of 800°F and above Westinghouse-Nivco

rotor steel was used to provide suitable high temperature stre_.gth. At a

steel temperature of 600°F;rotor-core flux densities in the order of 85

KL/in 2 were possible using the SAE 4340 steel s while at steel tempera-

tares of 900°F and 1200°F rotor-core flux densities were limited to about

60 KL/in 2 and 55 KL/in 2 respectively by the use of Nivco rotor steel. The

reduced flux densities at steel temper_ures above 600 ° F required a larger

rotor-steel area and increased weight to carry the required flux.

6



HIPERCO 27 steel was used for the stators in all designs calculated. The

HIPERCO 27 curves show little difference in magnetic characteristics at

steel temperatures of 600°F and 900°F for flux densities in the order of

120 KL/in 2 to 140 KL/in 2. At a steel temperature of 1200°F the reduction

in stator flux densities (about 10%) required an increase in stator-steel

weight to carry the required flux.
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3. i. 1 Two-Megawatt Generator Designs

Summary

The weight _z_d efficiency vs. speed curves indicate the desirability of

15,000 to 20, 000 RPM generators operating at an aversge coolant temper-

• ature of 500°F. ' At coolant temper_lures of 800°F and speeds of 15,000

RPM, the two-megawatt designs exceeded the stress limit of the rotor steel.

The weight and efficiency VSo voltage curves in general show small effect

on weight of variations over the 500 to 2140 generator vo].tsge range° V01-

rage variation produced a somewhat more signific_.t effect on efficiency.

In general, voltages of i000 and 1500 volts resulted in designs with the

least weight and the highest efficiencies.

The following table is a summary of the two-megawatt generator designs,

in order of increasing weight and decreasing efficiency.

ELECTRICAL

DE SIGN WE IGH T DE SIGN

%
EFFo

i000 V. , 15,000 RPM, 500°F 967 _bso 1000 V., 15,000 RPM, 500°F

1500 V., 15,000 RPM, 500°F 988 ibs° i000 V. _ 20,000 RPM_ 500°F

i000 V. ,20,000 RPM_ 500°F 1009 !bs. 1500 V. , 20,000 RPM_ 500°F

500 V. ,15,000 RPM_ 500°F i038 Ibso 1500 V. , 15,000 RPM_ 500°F

1500 V.,20,000 RPM, 500°F 1039 ibs. 500 Vo_ 159000 RPM_ 500°F

2140 V. ,20,000 RPM, 500°F 1126 ibs. 2140 V. 9 209 000 RPM_ 500°F

500 V. ,20,000 RPM, 500°F 1207 ibs. 500 V. , 209 000 RPM, 500°F

95.8%
95.6%
95° 4%
95.3%
95°2%
95.2%
95° 2%

Combining like design points from above, the three best overall two-megawatt

generator designs are:

i000 V., 15,000 RPM, 500°F 967 lbs. 95° 8% Effo

1500 V., 15,000 RPM, 500°F 988 ibso 95° 3% Eff.

i000 V., 20, 000 RPM, 500°F 1009 !bSo 95.6% Eff.



Weight vs. Speed Curves (Figures 3. i. I-i, 2, 3, and 4)

At an average coolant temperature of 500°F, two-megawatt-generator speeds

up to 20, 000 RPM were possible without exceeding the stress limit of the

rotor steel. The lightest weight practical designs were obtained at speeds

of 15,000 tlo 20,000 RPNI. In general, a speed increase results in a de-

crease in generator weight. In a few cases, however, the calculated 15,000

RPM designs showed a slight (2 - 5%) weight advantage over 20,000 RPM

designs, due possibly_ to better combinations of poles, slots, and conductor

sizes in some of the 15,000 RPM designs.

At an average coolant temperature of 800°F, designs at speeds above

i0,000 RPM exceeded the stress limit of the rotor steel. At i0,000 RPM,

the 500°F designs were found to be in the order of 25% lighter in weight (see

designs 78 through 85). The increased weight of the 800°F designs, as ex-

plained previously, is partially caused by the need to generate a higher volt-

age to overcome the increased IR drop.

At an average coolant temperature of II00°F, designs at 6000 RPM exceeded

the stress limit of the rotor steel. 4000 RPM,

125) did not exceed the rotor-steel stress limit,

II00°F designs (122 through

but the 4000 RPM designs

were found to be several times heavier than higher speed designs.

No 1500°F designs were considered for a generator rating of 2-megawatts,

because previous l-megawatt generator designs at 1500°F were not found

practical.
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Based upon the curves of Weight vs. Speed for two-megawatt generators, the

500°F designs for speeds from 15,000 to 20, 000 RPM have the least weight.

Two-megawatt, 800°F designs must be limited to speeds of i0,000 RPM or

less and two-megawatt II00°F designs must be limited to speeds of 4000 RPM

or less so that rotor-steel stress limits are not exceeded.

Efficiency vs. Speed Curves (Figures 3. I. I-I, 2, 3, and 4)

The two-megawatt designs showed a general increase in efficiency as rated

speed was increased up to 20,000 RPM. This was true for the 500°F designs

because the copper losses decreased faster than the iron losses increased, and

for the 800°F designs because the copper losses decreased faster than the win-

dage losses increased. From 20,000 to 24,000 RPM the 500°F designs showed

a slight decrease in efficiency, due principally to larger increases in iron

losses. The windage loss at 500°F was negligible compared to the other losses.

From 20, 000 t-p 24,000 RPM the 800°F designs showed a larger decrease in

efficiency than the 500°F designs, because the windage losses about doubled

in going from 20, 000 RPM to 24, 000 RPM.

Based upon the 2-megawatt generator Efficiency vs. Speed Curves, speeds of

15, 000 and 20, 000 RPM resulted in the highest efficiencies. The efficiencies

at both these speeds were about equal for the practical 500°F designs.

Weight vs. Voltage Curves (Figure 3.1.1-5 through 3.1.1-10)

The Weight vs. Voltage curves at various speeds (figures 3.1.1-5, 6, and 7)

show that for the 15,000 RPM and 20, 000 RPM speeds, the lowest weights

occurred at generator voltages of 1000 and 15000 volts. At 10,000 RPM, 500°F,

14
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a voltage of 1500 volts produced the lightest weight design. A 10,000 RPM,

800°F, a voltage of 1000 volts produced the lightest weight design. The

ll00°F, 4000 RPM, curve shows rather extreme variations in weight at

different voltage levels. The cause of this variation might be the effect of

varying slot configuration and conductor sizes in the low speed designs, re-

sulting in larger rotor diameters and longer stack lengths in the 500 V and

1500 V designs.

The Weight vs. Voltage curves at various temperatures (figures 3.1.1-8_ 9_

and 10) illustrate the weight advantage of the practical_lower-temperature de-

signs, and again show the 500°F, 15_000 and 20,000 RPM designs at voltages

of 1500 and 2000 volts to be the best designs from a weight standpoint.

Based upon the.Weight vs. Voltage Curves_ a two-megawatt generator voltage

range of 1000 to 1500 volts appears to result in the lightest weight designs°

Efficiency vs. Voltage Curves (Figures 3. i. 1-5 through 3. i. i-i0)

As would be expected, the 2140 V designs had_ in general, the highest core

losses and lowest copper losses. As the rated voltage was decreased to 500

volts, the required increase in rated current_ in most cases, caused main-

crease in the copper (12R) losses and a decrease in the core losses. As shown

in figures 3. i. 1-5, 6_ and 7, the lowest combined losses mad thus the highest

efficiencies occurred in the i000 to 1500 voltage range for the practical de-

signs at 500°F and 800°Fo

The II00°F, 4000 RPM curve (figure 3. i. 1-7) shows relatively lower efficiencies

at 500 V and at 1500 V than at i000 V and 2140 V designs, because the combina-

21



tion of parameters used for the 500 V and 1500 V designs resulted in larger

rotor diameters and higher iron and windage losses.

Figures 3. 1.1-8,. 9, and 10, for various coolant temperatures)show that

1000 and 1500 volt designs have an efficiency advantage at 500°F and 800°F.

The 800°F, 10, 000 RPM designs at I000 and 1500 volts show a _I_+1"_5,,_

higher efficiency than the 500°F, 10, 000 RPM designs, due to combinations

of design parameters which produced relatively low iron losses for the 800 °F,

10(000 RPM, 1000 and 1500 volt designs.

Based upon the Efficiency vs. Voltage curves, a two-megawatt generator

voltage range of i000 to 1500 volts appears to produce the highest efficiency

designs.

22



C3
0
0
{.q

!

_o
0'_ "

C_ 0 0 0 C_ 0 0 0 0 0 0 _ LO L_

• ° ° ° I °

I_ _0 r.O CO _- '_ _ L_" L_" _ L" _ I "_ _ _¢'_" C_1

• 0 °

_od

0

0

_o

_o

_mZ

O_ O_ O_ _ O_ _ (3_ O_ _ O_ 0"_ _ _" _ _" t_"

i

o o o o o o o o o o o ool o, c_ _ o

o o o o o o o o o o o o , o I o

23



_ II II 11

c_

0

4o

171

nu_

g

41"

24



09

0
0
0

I

C_

< .Zl

_00_

0

m

00_

II II II

_o_
0_

,Z

0 LO L_ _ L_" 0 0

• o

i

o _ o o o oloo ooo o o o o.
o°oo0 oo180

0 0 0 0 0

25



J

.J

3. i. 2 Five-Megawatt Generator Designs

Summary

The weight and efficiency vs. speed curves indicate the desirability of i0,000

RPM to 15,000 RPM generators operating at an average coolant temperature

of 500°F. The number of practical designs at 15, 000 RPM, 500°F were limited

because some designs exceeded the stress limit of the rotor steel.

At coolant temperatures of 800°F, speeds of i0,000 RPM, the five-megawatt

designs exceeded the stress limit of the rotor steel. To maintain reasonable

rotor stresses, the maximum speedwas 6000 RPM for 800°F designs and

2000 RPM for a limited number of II00°F designs. The five-megawatt, 800°F

and II00°F designs were several times heavier than the 500°F designs.

The weight and efficiency vs. voltage curves show that for the practical

i0, 000 RPM, 500°F designs, voltage variation of 500 to 2140 volts had little

effect on weight or efficiency. The lowest weight occurs at i000 volts. A

slight efficiency advantage is shown for voltages above 500 volts. Voltages

of 500 and 1500 volts produced practical 15,000 RPM designs, while the I000

and 2140 volt, 15,000 RPM designs,

steel. The 1500 volt, 15, 000 RPM,

watt design.

exceeded the stress limit of the rotor

500°F design was the lightest five-mega-

The following table is a summary of the best five-megawatt generator de-

signs in order of increasing weight and decreasing efficiency.
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DESIGN

1500 V, 15,000 RPM, 500°F
500 V, 15,000 RPM, 500°F

i000 V, i0,000 RPM, 500°F
500 V, i0,000 RPM, 500°F

2!40 V, i0,000 RPM, 500°F

Combining like design points
tor designs are:

E LE CTRICAL c.
:(j

WEIGHT DESIGN EFF

2938 Ibs. 2140 V, i0,000 RPM, 500°F 95.8

3132 Ibs. i000 V, i0,000 RPM_ 500°F 95. fl

3338 ibs. 1500 V, 15,000 RPM, 500°F 95.7

3392 Ibs. 500 V, I0,000 RPM, 500°F 95.3

3539 ibs. 500 V, 15,000 RPM, 500°F 95.2

from above_ the four best five-megawatt genera-

1500 V, 15,000 RPM, 500°F 2938 ibs. 95.7% Eli.

500 V, 15,000 RPM, 500°F 3132 ibs. 95.2% Eff.

i:000 V, i0,000 RPM, 500°F 3338 !bs. 95.8% Eff.

_!500V, i0,000 RPM, 500°F 3392 ibs. 95.3% Eft.

Weight vs. Speed Curves (Figures 3.1.2-1, 2, 3, and 4)

At an average coolant temperature of 500°F, five-megawatt _'__ _

up to I0,000 RPM were possible and two designs at 15, 000 RPM were possible

without exceeding the rotor-steel stress limit. The lightest weight were the two

practical 15,000 RPM, 500°F designs (No.

I0,000 RPM, 500°F designs were_however,

135 and No. 137). The lower voltage

only about 10% heavier than the

15,000 RPM designs. Design No. 127 utilized a combination of parameters in

the computer design calculation resulting in a low X d and a high weight for the

design calculated. Further analysis of this design point, and adjustment of

computer input data could result in a reduction of weight with a corresponding

increase in X d. This was not done since the data obtained was used for a gen-

eral choice of operating parameters rather than for the choice of a specific

final design.

At an average coolant temperature of 800°Fjit was necessary to reduce the

speed to 6000 RPM to obtain five-megawatt designs which did not exceed the
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rotor-steel stress limits. As shown by D_signs 142 thru 145g the weights

of the 6000 RPM, 800°F designs were about twice the weights of the 10g 000

and 15,000 RPM, 500°F designs.

All ll00°F design_ at 4000 RPM, exceed rotor-steel stress limits.

Design 153, which approximately equaled the allowable rotor-stress limit,

was about three times heavier than the 10g 000 and 15,000 RPM, 500°F de-

signs. All eompuler ir_ut data for 2000 RPM designs did not produce com-

plete designs because the requirements for 120 poles at 2000 RPM l_mited

the possible slot combinations. Designs 154 and 155 at 2000 RPM, II00°F

indicate the excessive weight resulting from this low speed°

Based upon the curves of weight vs. speed for five-megawatt generators,

500°F designs at speeds of 10g 000 and 15,000 RPM are the lightest. To stay

within the rotor-steel stress limits, 10g 000 RPM a:opears preferrable for

five- megawait generators.

Efficiency VSo Speed Curves (Figures 3. i. 2-1g 29 3, and 4)

The highest efficiencies for five-megawatt generators occurred_ in general,

at 10g 000 RPM, 500°F. At these conditicns_ all efficiencies were above 95%

except for Design 127 (discussed in the preceding paragraph) which w_.s ex-

cessively heavy and had high iron losses. The 15_ 000 RPM 500°F designs

had efficiencies slightly less than the i0_ 000 RPM, 500°F designs_ because

the iron losses increased faster than the copper losses decreased at the higher

speed. Windage losses at 500°F were negligible in comparison to the other

losses.
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Based upon the curves of Efficiency vs. Speed for five-megawatt generators,

the highest efficiency designs occur at a speed of i0,000 RPM and a coolant

temperature of 500°F.

Weight vs. Voltage Curves (Figures 3. I. 2-5 through 3. I. 2-9)

The " _"_e,_,,t vs. voltage curves at various speeds (figures 3.1.2-5, 6, and 7)

show there is little variation in weight over the 500 to 2140 voltage range for

the I0,000 RPM, 500°F designs.

s
r

showed a slight weight advantage.

The 500 volt and the i000 volt designs

The high weight of Design 127 appears to

be due to a poor combination of design parameters, rather than directly due

to the voltage level and its corresponding insulation requirements. As pre-

viously explained, the 1500 volt design weight could be brought in line with

the other i0,000 RPM, 500°F weight by adjusting computer input data to ob-

tain a higher X d design,

The weight vs. voltage curves at various temperatures, (figures 3. i. 2-8 and

9), illustrate the weight advantage of the practical lower-temperature designs.

The 800°F, 6000 RPM designs show a greater effect of voltage on weight than

do the 500°F, I0,000 RPM designs. The 500 volt, 800°F, 6000 RPM design

showed a definite weight advantage over the higher voltage 800°F, 6000 RPM

designs.

Based upon the weight vs. voltage curves, a five-megawatt generator voltage

range of 500 to i000 volts appears to give the lightest weight I0,000 RPiVI

designs and a voltage of 1500 volts appears to produce the lightest weight

15,000 RPM designs.
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Efficiency vs. Voltage Curves (Figures 3. i. 2-5 through 3. io 2-9)

In general, for the practical i0, 000 RPM, 500°F designs, the voltage varia-

tion from 500 to 2140 volts had little effect on efficiency; however, a slight

efficiency advantage is seen for voltages above 500 volts_ since at 500 volts

both the copper and iron losses were higher than for the other i0, 000 RPM,

500°F designs (with the exception of design 127, the low X d design previously

discussed). Eificiencies of 95.8% were obtained for 10g 000 RPM 500°F de-

signs at both i000 volts and 2140 volts.

L_

Based on the efficiency vs. voltage curves, five-megawatt generator voltages

_ _oof I000 and 2140 volts result in 10, _0 RPM, _ F _ ...... _+_ ÷_ _÷

efficiencies. A voltage of 1500 volts resulted in the 15,000 RPM_ 500°F de -

sign with an efficiency approximately equal to the most efficient i0_ 000 RPM_

500 ° F designs,
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3. i. 3 Ten-Megawatt Generator Designs

Summary

The weight and efficiency vs. speed curves indicate the desirability of !0,000

RPM generators operating at an average coolant temperature of 500°F. All

ten-megawatt generator designs for speeds above I0,000 RPM exceeded the

stress limit of the rotor steel.

In order not to exceed the rotor stress limits it was necessary to reduce the

speed to 4000 RPM for 800°F designs and to 2000 RPM for ll00°F designs.

The resulting low speed designs were several times heavier than the i0,000

RPM, 500°F designs.

The weight and efficiency vs. voltage curves for the 10-megawatt generators

show a weight advantage at 500 and 1500 volts, with the highest efficiency

occurring at 1500 and 2140 volts for the practical i0,000 RPM, 500°F designs.

The following table is a summary of the ten-megawatt designs in order of in-

creasing weight and decreasing efficiency.

DESIGN

E LEC TRICA L

WE IGHT D E SIGN

500 V, i0,000 RPM, 500°F 7039 Lbs. 1500 V,

1500 V, I0,000 RPM, 500°F 7215 Lbs. -2140 V,

2140 V, I0,000 RPM, 500°F 8503 Lbs. i000 V,

I000 V, i0, 000 RPM, 500°F 8836 Lbs. 500 V,

Combining like design points,

%
EFF.

10,000 RPM, 500°F 95.8

10,000 RPM, 500°F 95.7

10,000 RPM, 500°F 95.00

10, 000 RPM, 500°F 91.1

the best ten-megawatt designs are:

1500 V, I0,000 RPM, 500°F 7215 Lbs. 95.8% Elf.

2140 V, i0,000 RPM, 500°F 8503 Lbs. 95.7% Elf.
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,_Weight VSo Speed Curves(Figures 3.1o3-1, 2, 3 and 4)

At an average coolant temperature of 500°F, the highest ten -m egawatt. _ener-

ator speed possible without exceeding the stress limit of the rotor steel, was

I0,000 RPMo The 15,000 RPM, 500°F, ten-megawatt designs exceeded the max-

imum rotor stress limit by 30% or more. (See Designs 166 thru 169)

At an average coolant temperature of 800°F, !0,000 RPM_ten-megawatt designs

showed over twice the rotor stress allowable at this temperature. A speed of

6000 RPM produced designs with rotor stresses at or above the allowable

stress. These 6000 RPM, 800°F designs were more than 50% heavier than the

i0,000 RPM, 500°F designs. 4000 RPM, 800°F designs were found to be more

than twice the weight of the i0,000 RPM, 500°F designs.

Based upon the ten-megawatt designs calculated, the 10,000 RPM, 500°F de-

signs are the best, from a weight standpoint, for this rating°

Efficiency vs. Speed Curves (Figures 3.1.3-i, 2, 3 and 4).

At an average coolant temperature of 500°F and a speed of i0, 000 RPM, ef-

ficiencies greater than 95% were obtained for the 1000, 1500, and 2140 volt

designs. The efficiency of 91.1% obtained for the 500 volt design resulted from

the higher iron losses, as can be seen by comparing the tabulated data for

Design 161 with those of Designs 158, 159, and 160. Design 161 used 54 slots

compared with over i00 slots for the other three designs; the air gap flux den-

sity was also approximately 70% higher in Design 161. Because the pole face

loss is proportional to the tooth width raised to the i. 88 power and proportional

to the square of air gap flux density, Design 161 had three times more pole face
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Figure 3. I. 3-2
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i00,

Figure 3. i. 3-4
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loss than Design 160 with I00 slots, and about six times more pole face loss

than Designs 158 and 159 with 216 and 180 slots respectively.

.Based on the Efficiency vs. Speed Curves, for the 10-megawatt designs, a

speed of I0, 00G RPM gives the highest efficiency for generator voltages of I000

volts to 2140 volts.

Weight vs. Voltage Curves (Figures 3. i. 3-5 through 3. Io3-i0).

F_gures 3. i. 3-5 and -8 show a weight advantage of 500 and 1500 volts for the

practical I0,000 RPM, 500°F designs. This indicates that this condition.gives

the best combinations of internal generator parameters. The 500 volt design

showed a slight (3%) weight advantage over the 1500 volt design.

Figures 3. i. 3-6 and -i0 show a weight advantage at 500 and 1500 volts for the

practical 4000 RPM, 800°F designs. Designs 179 and 181 show that the weights

are almost identical at these voltages.

The only 2000 RPM, II00°F designs found practical show that the 2140 volt

design offers a slight weight advantage over the 1500 volt design. The ,weight

required by this low speed was more than 8 times the weight of the i0, 000

RPM, 500°F designs.

Based upon the weight VSo voltage curves, the 500 and 1500 volt designs appear

to be the best from a weight standpoint.
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Efficiency vs. Voltage Curves (Figures 3.1.3-5 through 3.1.3-I0).

Figures 3. i. 3-5 and -8 show the highest efficiencies at the 1500 and 2140 volt

designs for the I0,000 RPM,

the higher-voltage designs.

500°F condition due to the lower iron losses of

Considerably lower efficiencies are evident for

the 500 volt designs both at i0,000 RPM, 500°F and at 4000 IIPM, 800°F. In

b.oth cases, the iron losses for the 500 volt designs were two to three times

the iron losses at the higher voltage designs. The iron losses were hig_h be-

cause there were less slots resulting in increased pole face losses.

Based upon the efficiency vs. voltage curves for the 10 -m egawatt-generator

designs, the efficiency is highest for the 1500 and 2140 volt designs.
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3. i. 4 Comparison of Weight and Efficiency as a Fmuction of Generator

Rating

Figure 3. i. 4-1 illustrates the range of designs calculated and the practical

design areas found from the calculations. Table 3. I. 4-1 shows the para-

meters which produced the lightest weight, highest efficiency designs for

each rating. Weight and efficiency vs. rating at various speeds, voltages,

and coolant temperatures are discussed in the following sections.

Tables 3. i. 4-2,

parisons made.

3, and 4, following each discussion, summarize the com-

3. I. 4. 1 Effect of Speed (Figures 3. i. 4-2 through 3. i. 4-13 and Table 3. i. 4-2)

Weight

The weight vs. rating curves at various speeds show a 500°F coolant tem-

perature to be the most suitable for comparison of the one to ten-megawatt

ratings. Above 500°F only one and two-megawatt designs were found prac-

tical without decreasing the speed below i0, 000 RPM.

At i0, 000 RPM and 500°F coolant temperature, designs which did not exceed

the stress limits of the rotor steel were obtained from one to ten megawatts.

At I0,000 RPM and 800°F coolant temperature, only one and two-megawatt

designs were found practical. Table 3. i. 4-2 shows a lower weight to power

ratio for the five-megawatt, I0,000 RPM, 500°F designs than for the other

practical I0, 000 RPM designs. From the table and curves, the i0,000 RPM

designs are seen to be heavier than the designs at higher speeds.
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Notes: (1)

(2)

(3)

8<@90

20000

--- 16000
N

"-" 12000

8000

4000

24000

20000

16000

"12000

aooo

DESIGN CALCULATIONS FOR PARAMETRIC STUDY

Each design point shown was calculated at 500, i000, !500 & 2140 L-N _Vo_.

o Designates practical design points calculated.

z_Designates calculated designs which exceeded rotor-steel stress

limits.

_ "-_--Range of

_#'J_}K'_z'%'Z__ Practical

_ ,}_, Designs

500 800 ii00 1500

Avg. Coolant Temp.
(°F)

ONE- MEGAWATT DESIGNS

FIVE- ME GAWATT DESIGNS

24000

20000

.-- 16000

12000

8000

4000

500

4000

k

500 800 II00

Avg. Coolant Temp.

(°r)

1500

5

<',>_._'-%

800 1100 1500

Avg. Coolant Temp.
C°F)

"l%VO-ME GAWATT DESIGNS

TEN- MEGAWATT DESIGNS

24000

{

F'_ O<.i" -"'_.>"C.,
_.., .,-.. /-._--.1,..,

20000

16000

12000

8000

4000

Figure 3.1.4-1

500 800 ii00 15C0

Avg. Coolant Temp.
(°F)
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..4

A speed of 15,000 RPM,

maximum practical ratin_ to five-megawatts.

one-megawatt designs were found practical.

at a coolant temperature of 50O°F, limited the

At 15_ 000 RPM_ 800°F only

Of the practical 15_ 000 RPM

designs, the two-megawatt, 500°F designs had the lowest weight to power

ratios, as seen in Table 3. I. 4-2.

A speed of 20, 000 RPM, at a coolant temperature of 500°F, limited the

maximum practical ratings to two-megawatts. No 20,000 RPM designs

were found practical at coolant temperatures of 800°F and above. The one-

megawatt, 20,000 RPM, 500°F designs had a lower weight to power ratio

than the two-megawatt, 20,000 RPM, 500°F designs.

At 24, 000 RPM, 500°F, only one-megawatt designs were found practical.

24, 000 RPM designs at higher ratings or at higher temperatures exceeded

the stress limits of the rotor steel. The one-megawatt, 24,000 RPM, 500°F

designs had the lowest weight to power ratios of all designs calculated.

The rated speed was reduced to 6000 RPM, to obtain practical five and ten-

megawatt designs at an average coolant temperature of 800°F and to obtain

practical one-megawatt designs for an average coolar_t temperature of II00°F.

The five and ten-megawatt_ 6000 RPM, 800°F designs showed approximately

equal average ratios of weight to power_ while the one-megawatt, 6000 RPM_

II00°F designs showed a higher weight-to-power ratio. The G000 RP_d de-

signs had weight-to-power ratios of about i. 5 times higher th__n the i0_ 000

RPM designs.
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The rated speed was reduced to 4000 RPM to obtain Practical two-megawatt_

II00°F designs. The two-megawatt designs showed a weight-to-power ad-

vantage over the one-megawatt designs at this speed and temperature.

The 4000 RPM designs had weight-to-power ratios in the order of three to

four times higher than the i0,000 RPM designs.

Efficiency

The i0, 000 RPM curves indicate the highest efficiencies can be obtained at

a rating of five megawatts for this operating speed. Comparison of the tabu-

lated data (for the 10,000 RPM 2, 5, and 10-megawatt designs) shows that the

five-megawatt average iron loss is about 2.5 +_.... +_+ _-_ +_ +...... _o_o++

designs, while the i_ive-megawatt average copper loss is about 35% greater

than for the two-megawatt designs. Since total losses showed less than a

proportional increase with rating in going from two to five megawatts_ the

five-megawatt designs show higher efficiencies. In going from five mega-

watts to ten. megawatts the average iron loss increased in the order of 2° 8

times while the average copper loss increased about 63%° Since total losses

showed greater thana proportional increase in going from five to ten megawatts

(because of the large increase in iron losses) the five-megawatt,10_ 000 RPM

designs in genera/show higher efficiencies.

The 15,000 RPM curves show higher efficiencies than the 10g 000 RPM curves

for all one and two-megawatt designs. The practical five-megawatt_ 15_ 000

RPM designs showed, in general, efficiencies equal to or higher than the five-

megawatt_10,000 P.PNI designs. Since the number of five-rnegawatt designs at

15,000 RPM was limited by the allowable rotor-stress_ the two-megawatt
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designs appear best in terms of efficiency at 15,000 RPM°

7

A speed of 20,000 RPM limited the maximum practical ratings to two mega-

watts. The practical 20,000 RPM, two-megawatt designs show _f,_cle,,_..es

nearly equal to those of the 15,000 RPM, two-megawatt designs and in gen-

era/ higher than the efficiencies of the one-megawatt, 20,000 RPM designs.

At 24, uou RPM only one-megawatt ratings were found practical. The 24, 000

RPM, one-megawatt designs in general, had higher efficiencies than one-

megawatt designs at lower speeds.

The 6000 RPM, 800°FI five _a +.......... ÷_ _

equal average efficiencies while the 4000 RPM, II00°F designs show mn ef-

ficiency advantage for the two-megawatt ratings over the one-megawatt

ratings.

The best designs; at each speed in terms of average efficiency_ of those cal-

culated are.

PRACTICA L ME GAWATT

RATINGS CALCULATE D

1

I, 2

i, 2, 5

i, 2, 5, i0

5, i0

I, 2

DESIGNS WITH HIGHEST AVG. EFF!CIENCIES

1 megawatt, 500°F at 24, 000 RPM - 95.2% Avg.

2 megawatts, 500°F at 20, 000 RPM- 95.3%Avg.

2 & 5 megawatts, 500°F at 15,000 RPM- 95.3%

Avg.

5 megawatts_ 500°F at i0_ 000 RPM - 95o 4%Avg.

i0 megawatts, 800°Fat 6000 RPM- 94. 8% Argo

2 megawatts II00°F at 4000 RPM - 91o 8% Avg.

66



Figure 3. I. 4-2
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Figure 3. I. 4-3
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Fig_e 3. I. 4-5
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Figure 3.i. 4-12
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3. i. 4.2 Effect of Voltage (Fig-ares 3_ I. 4-14 through 3. I. 4-20, _ab_e-7 o." i. _ '3)

Weight

The power-to-weight ratios and the efficiencies at each combination of speed,

temperature, and rating show no definite changes in relative weight and effi-

ciency ranking when designs at 500, I000, 1500, and 2140 volts are compared;

i.e. the best combination of parameters at one voltage shows the same relative

advantages at the other voltages considered. For this reason, the best voltage

range for each set of operating conditions will be discussed. Voltages are

generator line-to-neutra_ voltages.

!

At a speed of i0, 000 RPM and an average coolant +_,,w_+_ _ of 500°F

(Figure 3. i. 4-14), designsunder five-megawatts show little difference in

weight at the four generator voltages considered. At ten megawatts, the

I000 and 2140 volt designs show an increase in weight over the 500 and 1500

volt designs, because of the better combination of design parameters at the

given operating conditions. Table 3. I. 4-3 shows no marked tendency to-

ward a single voltage producing the lightest weight I0,000 RPM designs.

Three of the six lightest weight i0,000 RPM designs were at 500 volts and

two were at i000 volts. The lightest weight two-megawatt, I0,000 RPM de-

sign was at 1500 volts, but the second lightest two-megawatt, i0,000 RPM

design at 500 volts was only about 4% heavier than the 1500 volt design.

Based on these data, voltages of 500 to i000 volts appear best weight-wise

for I0,000 RPM designs for both 500°F and 800°F coolant temperatures.

i

At 15,000 RPM, 500°F, a somewhat more pronounced effect of generator

voltage on weight is seen from Figure 3. I. 4-16. From a weight standpoint,
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the best voltage for one and two-megawatt desig2s _ppears to b_ !00C volts..

At five-megawatts,. 1500 volts shows a _._=ght-"' advantage° At _±__ OJ_ RPM_

800°F, only one-megawatt designs were found practice, a2.d the effect of

varying the voltage for those designs was found to be small D._ed On the

designs calculated, voltages of I000 to 1500 volts appear_ in general, to

show the most weight advantage for 15,000 RPM designs.

At 20, 000 RPM, 500°F, 500 volts produced the lightest weight one=megawatt

design and :[000 volts produced the ]ightest weight two-megawatt design.

Designs at higher ratings exceeded the stress limits of the rotor steel. The

500 to 1000 volt range appears best for 20_ 000 RPM designs_ as well as for

24_ 000 RPM designs, as shown in Table 3. I. 4-3.

At 6000 RPM, 800°F, a generator voltage of 500 volts produced the !ightest

weight five and ten-megawatt designs° At 6000 RPM_ II00°F_ a voltage of

500 volts again produced the ]ightest weight one-megawatt designr Based

on the limited number of practical 6000 RPM designs calcu_.ated_ 500 vc!ts

appears best in terms of weight.

At 4000 RPM, 800°F, voltages of 500 _nd 1500 volts resulted in the !ightest

weight ten-megawatt designs, At 4000 RPM_ II00°F_ a voka_e of 2140 volts

produced the lightest weight one and two-megawatt desigr_So Based on the

limited number of practical 4000 RPM designs caiculated_ genera=or voltages

from 1500 to 2140 volts appear to result in the ]3r_e:st weight adv_.:d:ageo
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Efficiency

At I0, 000 RPM, 500°F, the highest one and two -m egawatt generator efficien-

cies occurred at 1500 volts, the highers five -m egawatt efficiencies occurred

at i000 and 2140 volts, and the highest ten-megawatt efficiencies occu_ i ea

at 1500 volts. It is reasonable to assume that the 1500 volt, five-megawatt

design could be improved to increase the efficiency by 1%, because five-

megawatt designs at higher and lower voltages had 1% higher efficiencies

and all I0,000 RPM designs at other ratings had their highest efficiencies

at 1500 volts. Based 9n the majority of designs calculated, a generator

voltage of 1500 volts appears to produce the highest generator efficiencies

for operation at I0,000 RPM.

At 15,000 RPM, figures 3. I. 4-16 and 17, show that the practical one and two

megawatt designs have the highest efficiencies at 500 to I000 volts. The five-

megawatt, 500°F, 15,000 RPM design has highest efficiency at 1500 volts,

however, its efficiency at i000 volts is only lower by i%. Likewise, the

efficiency of the one-megawatt, 500°F, 15,000 RPM is only . 1% lower at

i000 volts compared to 500 volts. From the designs calculated, i000 volts

appears to give the highest efficiencies for 15,000 RPM designs.

At 20, 000 RPM, the practical one and two megawatt designs had the highest

efficiency at I000 volts and at 24,000 RPM the practical one-megawatt de-

signs had the highest efficiency at 1500 volts. These designs, in addi':ion

to the designs previously discussed, further indicate that the highest effi-

ciencies can be obtained at generator voltages of 10O0 to 1500 volts over a
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speed range of I0,000 to 24, 000 RPM.

The 6000 RPM curves and Table 3.1 4-3 indicate a five-megawatt _._-_-

voltage of 2140 volts for the highest efficiency design with 1500 volts pro,

duc.,,o an efficiency lower by only.. 2%. A ten-m_g_w_t-_ ..... +"--

._ ,o_s at 6000 RP_,_ ""^_- ....*_,_,,-_a in the _=-'^-" _c_y v u--___

of 500 and I000 produced the highest efficiency one-megawatt, ll00°F design

at 6000 RPM.

The 4000 RPM curves indicate that a voltage of 2140 volts results in the

highest efficiencies for the one and two-rnegawatt, II00°F designs _nd for

the ten-megawatt, 800°F designs.

3. i. 4. 3 Effect of Coolant Temperature (Figures 3. I. 4-21 through 3. i° 4-40,

Table 3. i. 4-4)

W.eight and Efficiency

These curves again illustrate the limited number of practical designs which

did not exceed the rotor-steel stress limits over the 500°F to 1500°F coolant-

temperature range. In general, the lowest weight, highest efficiency designs

were obtained at 500 °F.

The i0,000 RPM curves, figures 3. i. 4-21 to 3o i. 4-24 show a definlte weizht

advantage for a 500°F coolant temperature for generator r_±ings above one

megawatt. The effects of an increase in coolant temperatm'e from 500°F to

800°F were as follows for the I0,000 RPM designs:
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Figure 3.1.4-29



'i
,...J

, !
,...J

'i

_-q.

q
U

q
,..j

L _

-'7

q

rq

iCO



!

-i0000.i

L

i_ ...... i--

l

II i

Zm,q_



L....x

•A1_/"





! I



d

f]
LJ

J

:liO0°F

•¢ ;%,.
±UO,



'-"I,

, !

....J

,..J

"-1

l i

,-i

: 1

U

r

,,.q
J

D

;..,!



: !

.,J

., m_?



I

..... _'_',"_ i. 4-38

i08



ii00 °
,I0000



,-t

L.J

" 5000

!-

ilO



_o

oO_
"0

0 _J

o _

_o
0

_o

o_°_

I
_q

_'_ I I

E- r-_

Q

E E

d d

I I

I I

_J _ CO

0 0 0

0 0

i 1 ' i '

i
1 ' !

I i1 i

! 1
t !

@ 4: i

* t

t *
t 1

!

i

i t
I

CO _ @ I I

i

t 1

'i

o oo!o!o i _.=,;_;
o oio! ,

i
L

t

' I
!

1'

° °

i i _

I i I

I

I I

! i -
Y̧2

D
rJ

0

- i

icD _

1

!!I



t"_

LJ

_J
LJ

J

U

U

r_

0

t_

0 o
0

0
0
o

°
_._ °

o
c

i

,4

0
c
c

i

i%
o

to

_d

o
o
o

ol

!

!

.I

O_
0

o
o
o

I I

o_

t

I

! ! "

i
I

I !

rO

o fi
E

112



1 megawa_t:

2 megawatt:

5 megawatt:

10 megawatt:

4% argo _oi_ TM _..... _'-_ " 0o 3% argo

25.% avgo _.'eightincrease] 0o 9% avg° eif_,

47% aV_o weight increase; 0° 4% avg. elf.

24% _vg. weig__2_incre_.se_ !o 5% avg° effo

ell dscres,seo

inereaseo

decres,se°

From the above_ it is concluded that one-mega,watt-generatcr coo!ar._ttem-

peratures of 500°F and 800°F resu!c in nearly equal we_ghts a_d efficiencieso

A two-megawatt generator coo!a.nt temp_raLure of 50O°F results in the !ightest

weight; however_ at 800°F an efficiency increase of abou_ 1% c_.u he obtaL<ed.

The five and ten-megawatt_ i0,000 RPM_ designs show a gre_{er effect of

higher coola_t temperatures on weight and efficiency°

At 15_ 000 RPM the one-megawatt, 800°F desigros_ show a_n 8% higher average

weight and the same average efficie=:cy as the 500°F designs° The =wo-

megawatt_ 15._ 000 RPM, 800°F designs a:td the or:e ap_d two-megawatt_ 20_ 000

RPM, 800°F designs exceeded thestress limit of the rotor" steel.° ii tk._.se

800°F designs were made practical by it.creased rotor-steel stren.zth_ the i:<-

crease from 500°F to 800°F would require a w.sight -oe_alty of _.bc, u_; 10% a_

20_ 000 RPM and a weight penalty of about 15% at 15_ 000 RPMo There is

little difference i:a average efficiencies between the 500°F am.d 800°F designs

at these speeds°

No one or two-megawatt designs were ca!cul2:_ed a_:6000 RPM or "_'_'__u_u RPM

for temperatures u.=der !100°F_ because prac_ica! 500_F _.d S0._°F d_sigus

were obta:b, ed at higher s_eeds°, L-_-_e_is._ r_o five or t_<r_- m<-:_,,_:stt c__.,__.-_,_,:,o,.,.

were calcu!_ed at 6000 or 4000 RPM for %mpers_:ures _:.der 80O_F_

pr_.ctica! 500°F designs were obtained at h_e-_._J......soeedso.. At ii00°_

b_CaU.SC
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6000 RPM generator ratings are limited to one megawatto At 80 '__u"-__ some

practical designs were obtained at ratinzs up to _- _o- -_-:_ . "__ m_oaw_.__s Tao'e 3.1.4-4

shows that a generator weight increase of 20% to 30% would be _ _i .... d _n

going from 800°F to ll00°F if material were avallab!e" to ms_e ÷:_._ m_gn_r_"_ _- tem-

perature five and ten-megawatt_ 6000 RPM designs practical. Cha_u_es in ef-

ficiencies would be small. A weight increase of about 15% would be required

in going from 800°F to ll00°F for ten-megawatt_ 4000 RPM generators, if

material with sufficient strength at II00°F was available.

L

. {
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° 2 Electrical Conversion and Control

This section provides parametric data for the _ _- "_-" _gener _.or-excl_l_n control

switch gear and tap-changing circuitry_ power-conversion circuitry_ and

transformer.

-]
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3.2.1 Static-Exciter-Voltage Re[_iators

Voltage regulators used to control a-c generators must have the _ap_:_0_i::nty

of =_-,,_,_I,_ the necessary excitation, to maintain the gene;'o+o:" terminal

voltage at the desired level. For generators which requii'e ._.._ arnou!_.ts

of excitation power, it is important that the excitation arid control system be

able to furnish the required power and at the same time, have low power dissi-

patton within the regulator. There are several circuits which may be used to

control the excitation to the generator. The advantages and dis_dvant2.ges of

each will be discussed and calculations of weights and Izower losses _411 be

made to select the best circuit for supplying excitation, fo_" generators with

ratings of I, 5, and I0 megawatts. Table 3.2o i-i lists the preliminary

generator designs used in the exciter-regulator calculation for this report°

An exciter-regulator must perform three basic iunctions to control the gen-

erator excitation: (i) detect any error in generai:or output;

error signal and furnish a control signal to the power s-._age;

proper amount of excitation to the generator field through the power s_age

to maintain the generator output at the desired level. This report will deal

with (2) and (3) since (I) will be essentially independent of the generator ex-

citation requirements.

(2) amplify thi-s

(3) supply the

All exciter-regulators considered in this study utilize the cold_p!ate type

package design with .a circulating coolant fluid to accomplish compoEent

cooling.

of
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3.2. i. 1 Silicon-Controlled-Rectifier Exciter-Regulator

Power Sta_e

The following circuits have been selected as the most promising for the appli-

cations required by this study: three-phase half-wave utilizing 3 silicon con-

trolled rectifiers; three-phase full-wave utilizing three silicon controlled

rectifiers and three silicon rectifiers; six-phase half-wave, and three-phase

double-wye. The last two require six silicon controlled rectifiers. Listed

below are advantages and disadvantages of each.

Three Phase Half Wave Circuit

Advantages:

i. Only three silicon controlled rectifiers are i_equired.

2. The silicon-controlled-rectifier, gate-control circuit is not as com-

plex as the one required for the six-phase circuits.

3. Three-phase transformers are required for powe_ _ and control cir-

cuits which have fewer windings and connections than six-phase or

thr ee-pha se double -wye.

Disadvantage s:

I. High peak inverse voltages are impressed across each rectifier for

a given d-c voltage output.

2. The d-c components in the transformer caused by this circuit tend

to saturate the transformer core since they flow only in one direction.

3. Each rectifier must carry 1/3 the d-c output current.
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Three-Phase Full-Wave Circuit

Advantages:

i. The peak-inverse-voltage impressed across each i- _̂*'_'_u_i_- is ,_'_'"w;_-_

a given d-c output voltage. Almost twice the d-c voltage '_'Ou '£p_JU_can

be obtained for a given peak-_mverse-voltage rating for this t_]e cir-

cuit than for other circuits.

2. The power transformer has high primary and secondary utilization

factors. (Utilization factor (UF) is defined as the ratio of d-c power

output from the rectifier circuit to the required volt-ampere capacity

of the transformer.)

3. There is no d-c saturation of the power transformer since the d-c

components flow in opposite directions in the windings and cancel

out.

4. The silicon-controlled-rectifier gate control circuit is not complex

since only three rectifiers must be controlled.

Disadvantages:

i. There are two rectifiers conducting in series with the resultant

added voltage drop.

2. Each rectifier must carry i/3 of the d-c output current.

Six-Phase Half-Wave Circuit

Advantages:

i. The d-c components in the power transformer winding's cance!/hus

avoiding any tendency toward transformer-core saturation.

2. Each rectifier must carry only 1/6 of the d-c ou._put current°
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Disadvantages

i. The peak-inverse voltage impressed across each rectifier is hizh

for a given d-c output voltage.

2. The transformer utilization factors are low. (UFi_ = 0.78 and UF S

o.551).

3. The gate control circuit is more complex since 6 rectifiers must be

controlled.

4. Six-phase power and control transformers are required.

5. The rectifier utilization is lower since the maxdmum conduction

angle is 60 degrees compared to 120 degrees for the other circuits.

Three-Phase Double-Wye Circuit

Advantages:

I.

2.

.

The power output capability is high.

The transformer utilization factor is high (UFp : 0. 955 and UF s =

0.675)

The diode utilization is high since two rectifiers conduct in parallel

for 120 degrees at load currents above the transition load current.

Disadvantages:

i. The gate control circuit is more complex than for 3-phase_half-wave

or 3-phase full-wave since 6 rectifiers must be controlled.

2. Two three-phase transformers with an interphase transformer ai°e

required.

3. There is a possibility that unwanted variations in the power outl_ut

will occur since the rectifiers will conduct for only 60 ° at low load
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currents, but will switch into 120 ° conduction at the _ _ =__!ans_on lo_d

current. (This transition point is dependent upo n the interphase

transformer design. )

Because of the possibility of unwanted variations in _ power _u_ to

÷.... _^- from 60 degrees to _2v degrees _ t_ "*'_--_OiitibLkALIUil at __l__ o_li_.L_J.ullL.k g_,li_.k L,iUII

load current, the three-phase, double-wye circuit appears undesirable

and will not be consideredfurther.

Figures 3.2. i-I through 3.2.1-6 show the theoretical output voltage and out-

put power characteristics as a function of firing angle for three-phase half-

wave, three-phase full-wave, and six-phase half-wave circuits. The curves

were calculated assuming perfect rectifiers (no voltage drop), perfect com-

mutation (no overlap), and a pure resistive load. For figures 3.2. i-i,

3.2.1-3, 3.2.1-4 and 3.2.1-6 the rms line-to-neutral voltage is that applied

to the rectifiers while figure 3.2.2-2 is plotted as a function of the line-to-

line voltage applied to the rectifiers. The resistance, R, for figures 3.2. !-4,

3.2.1-5 and 3.2.1-6 is the load resistance. The firing angle is defined as the

point in the positive half cycle of a sine wave at which the silicon controlled

rectifier is switched into the conducting state by a gate control signal.

Calculations of exciter-regulator weight and power loss were made for the

three-phase half-wave, three-phase full-wave,

circuits and their associated control circuits.

and six-phase half-wave

in all _es, d:o calculations

were based upon derating the peak inverse voltage rating of the rectifiers by

a factor of two and derating their critical junction temperatures by at least
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25 percent. Also, calculations in all cases were based upon a coolant -r_..,_._.be_...... -

ature of 50°C and transformer power losses and weights were _o _!u_ .... u_on in-

ternal temperature rise of 300°C. Switching losses of the rectifiers have been

neglected since they are usually a small percentage of the conduction losses.

A five-megawatt generator (Design B, Table 3.2. I-i) was selected as the

machine to be controlled as a basis for comparison of the three types of cir-

cuits. Table 3.2. I-2 summarizes the results. The total weight is the pack-

aged weight of the exciter-regulator including coolant weight.

TABLE 3.2. i-2

.......... •%ump_ 1_on of Weig nd Power Loss of Three _'-_ ......_ Power o_ .... _

figuration for Exciter-Regulators Utilizing Silicon Controlled Rectifier Power

Stage.

Total Weight Total Power Loss

Circuit Lbs. Watts

Three-Phase Half-Wave

Three-Phase Full-Wave

Six-Phase Half-Wave

27.0 428

20.25 295

34.5 470

The table shows that the three-phase;full-wave circuit is the best from both

weight and power loss standpoints. Therefore, this circuit will be used for

all the other calculations.

Preamplifier

A three-phas%half-wave magnetic amplifier was selected for control of the

silicon controlled rectifiers inthe power stage. The proper phase re!aiion-

ship between the power stage supply voltage and gate signal to the silicon
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controlled rectifiers can be easily obtained with this configuration.

Parametric Data

Table 3.2o 1-3 summarizes the packaged weight and total power losses for

exciter-regmlators for one, five and ten-megawatt _ne_,_o__-_ _ "s of Table 3.2. !-!.

The calculations were made for the generator operating at i. 0 per "_.+_,_ _,_,i+o__,,_

and !. 0 per unit current ou_ut. There is essentially no weight or efficiency

penalty on the exciter-regulator for generator output changes to 0o 8 per unit

voltage with 1.0 per unit current output and io0 per unit ._._'_+_ewith 0o 8 per

unit current output, so Table 3.2. I-3 also is valid for this requirement° An

additional control circuit will, however, be required to supply a signal to the

exciter-regulator that is proportional to load power for proper excitation

control whenever variations in voltage output are required°

TABLE 3.2o 1-3

Packaged Weigl*_t and Power Loss of Exciter-Regulators for i,

Megawatt Generators at 1.0 Per Unit Voltage and Current.

Generator

Design

Exciter -Regulator

Weight - LbSo

5 and !0

Exciter -Regulator

Power Loss - Watts

A (i MW) 18.2 252

B (5 NIW) 20.25 295

C (10 MW) 22° 1 341

The exciter-reg-ulator designs shown in Table 3o 2o 1-4 are for control of one,

five, and ten-megawatt generators when the generators are oceratinz at !. 0

per unit voltage with 0o 5 per unit current output and 0.5 per urJ_ voltage with

Io0 per unit current output. Because the exciter-regu!ator must be designed
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for t:he most severe operating condition, (1o0 per unit voltage _Ath 0o5 i_er

unit current output from the generator), the weight is determined by this

condition. The power loss is included at the 0.5 per umt" vui_5_'_...... witn_'_Io0

per unit current output for the circuit comparisons. Also included in

Table 3.2.1-4 are.the percentage increase in weight and power loss for

these exciter-regulator designs as compared to the designs shown in Table

3.2.1-3 for the corresponding generator rating. This shows the penalty

entailed by designing for generator voltage and current variations of 0.5

per unit.

TABLE 3o 2.1-4

Packaged Weight and Total Power Loss of Exciter-Regulators for i, 5, and

I0 Megawatt Generators at io 0 Per Unit Generator Voltage with 0.5 Per Unit

Current and I. 0 Per Unit Generator Voltage with 0o 5 Per Unit Curi_ento

% Wt. Ex. -Reg. % Power

Increase Power Loss Loss In-

over Table V}atts crease Over

Generator Ex.-Reg. 3o2.1-3 l o0pou. V 0o5p.uoV Table 3o2.!-3

Design Wto-LbSo Design 0o5poUoI lo0poU°I Desi_:n

A (1MW) i9.5 7.15% 314 182 B4o6,%

B (5 MW) 23.1 14.1% 349 207 18,3%

C (I0 MW) 26,6 20.4 % 413 223 21. i%

Several exciter-regulator designs were considered for the requirement of 0o i

per unit generator voltage with i. 0 per unit current output and Io 0 per unit

generator voltage with 0.1 per unit current output. The ten-mezawatt ,_ene_-

ator (Design C, Table 3.2. i-I) was selected for these calculations, but would

have only one -m egawatt power output capability for the above conditions

Since excitation power is being taken from the generator ouiput, at 0o 1 per
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exclL.atlon is below the -_,_ 1_ +unit, voltage the voltage available to supply ..... " '

quired by the generator if a three-phase, full-wave.power st_e is used with

rect .....rs° Ther _{_three silicon controlled rectifiers and three silicon _

recL:1:_± m incalculations were made for series and parallel combinations of ........

the power stage to obtain enough excitation power. This proved infeasible

for two reasons; (i) the firing angle approached 180 degrees when the gener-

ator output voltage was at i. 0 per unit and (2) the maximum power output

capability of the exciter regulator was so high at io 0 per unit voltage that it

exceed_a the allowable_generator field power dissipation capaoll_ues A

boost-current-transfor)rner, exciter-regulator combination was considered

with the current transformer supplying one generator field and the exciter-

regulator supplying a second generator field and actin Z as a trimmer°

This proved infeasible because the exciter-regulator output capability was

marginal at 0.1 per unit voltage and also because of reason (2) cited above°

The best method appears to be a tapped power transformer and tap changer

for the exciter-re_ulatOro This method will keep the voltao_e to the power"

and control stages fairly constant as the generator output voltage is varied.

The weight and power loss for this type exciter-regulator is comparable to

the exciter-regulator for the one me,await generator shown in Table 3o 2o i-4.

Figures 3.2.1-7, 8, and 9 show respectively, exciter-regu_tor weight,

efficiency, and volume as a function of generator rating° Curve i, in

all three figures, applies to the generator when it o_e!mtes _t !is _=_ted po-nt.

(Curve 1 is also valid for 0.8 to I_ 0 per unit generator voltag'e and current
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variations. ) Curve 2)in all three figures_applies to the generator _vhen it is

operating at I. 0 per unit generator voltage and O. 4 per uni[ current° The

weight and volume also apply for O.5 per unit voltage and Io 0 per uni+_cur-

renLbut_ the curve for exciter-regulator efficiency at this o_......... _ _,'L_,_ point has'

not been included. As can be seen on the curves, a penalty must be paid in

exciter-regulator weight, efficiency and volume when variations of more than

0.2 per unit voltage and/or current are required.

In summary, an exciter-regulator with a three-phase_ full-wave power stage

utilizing three silicon controlled rectifiers and three silicon rectifiers with

a magnetic-amplifierjgate-control circuit is the best design to fulfill the re-

quirements imposed in this study program.

3.2. I. 2 Magnetic-Amplifier, Silicon-Diode Exciter-Regulator

Power Stage

The static exciter-voltage regulators considered here utilize saturable reactor's

and silicon rectifiers in the power stage, because a saturable reactor can be

connected in series with a rectifying device to obtain a self-saturating mag-

netic amplifier and thus control the power output of the rezulatoro Any of

the rectifier power circuits considered in section 3o 2° 1 may be used with

this control method.

A sample calculation was made to compare the weights and efficiencies of

the three-phase_half-wave magnetic amplifier and +d:e three-l_hzse fu:l-v._ve

magnetic amplifier power stages. The results showed that U:e d:_-ee-phase

half-wave power stage was lighter by Iio 7 percent but its efficiency was
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lower by 13.3 percent. The full-wave circuit was chosen, however, because

it permits operation of the rectifiers at lower currents and higher volta_ze,

thus allowing the generator field resistance to be increased. The increased

generator field resistance is important because it will swamp out the effect

of lead resistance.

The maximum operating junction temperature for high power silicon recti-

tiers is 190°C. 1 This will allow operation of exciter-regulators utilizing

these devices in the power stage at higher temperatures than the exciter-

regulators utilizing silicon controlled rectifiers. Therefore, the exciter-

regulator designs in this section will be based upon an average coolant ten_-

perature of 100°C.

Preamplifier

The preamplifier, as stated previously, receives an error signal from the

error detector (sensing circuit), amplifies this signal, and furnishes the

control signal to the power stage of the exciter-regulator. A three-phase

half-wave magnetic amplifier has been selected to perform this function.

This circuit is not as efficient as the three phase full wave magnetic ampli-

fier but due to the low power requirements of the preamplifier this becomes

relatively unimportant. The three-phase circuit gives consistent operation

for any unbalance between phases of the generator output voltage due to an

unbalanced load or unbalanced fault. If a single-phase magnetic an_9'_' ...._;__r_

were used, operation under an unbalanced load or unbalanced fault would

lo Reference section 3.2.2.2, Silicon Rectifiers, in the Space Electric

Power Systems Study Progress Report - First Quarter.
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depend upon the relationship of the faulted phase and the phase used for tke

preamplifier power supply.

Parametric Data

The parametric data for these exciter-regulators is based upon the following

assumptions:

i. The normal steady-statejpeak-inverse voltage applied to the silicon

rectifiers is half their maximum peak-inverse-voltao'e ratings.

2. The average temperature of the exciter-regulator coolant fluid is I00

degrees centigrade.

3. The maximum steady-state current of the silicon rectifiers is held

low enough so the maximum junction temperature is derated by at

least 25 percent.

4. The magnetic amplifier is designed and packaged to hold the temper-

ature rise to 50°C maximum.

5. The power-transformer power loss and weight is based upon !80°C

temperature rise.

Table 3.2.1-5 shows the packaged weight, packaged volume, and power loss

for exciter-regulators .for control of the generators of Table 3o 2. i-i when

operating at I. 0 per unit voltage with i. 0 per unit current output° This ex-

citer-regulator, like that in section 3.2. i. i, is suitable for control of the

generators when they are operatin[ at 0.8 per unit vo!÷m.ge with i, 0 per unit

current output and a i. 0 per unit voltage with 0.8 per unit output° For a

requirement of 0.2 per unit voltage and current swing at constant power
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output, an additional control circuit must be furnished to supply a signal to the

exciter-regulator that is proportional to load power for proper excitation con-

tro!.

_-_-_ -_ o !-5

Packaged Weight, Packaged Volume, arA Power Losses for Exciter-Regula-

tors for I, 5, and I0 Megawatt Generators Operating at !.0 Per Unit Vol-caze

and Current.

I Generator
I Design

, a (IMW)
:-J i B (5 MW)

I C (10 MW)

Exciter -Regulator

Weight-lbs. Volume -ft3 Power Loss-Vlatts

40.8 0.916 454

49.6 1.12 567

56 1.26 658

"'I

7}

The requirement of generator operation at 0.5 per unit voltage with I. 0 "_er

unit current output and i. 0 per unit voltage with 0.5 per unit current out_aut

imposes a penalty on the exciter-regulator. The regulator must be designed

to have the capability of supplying the necessary excitation when the ge'_erator

is operating at 0.5 per unit voltage. Since it is assumed that the power to the

regulator is obtained from the generator bus voltage, when the load require-

merit is such that I. 0 per unit voltage output is required from the generator,

the regulator has approximately twice the voltage output capability for the same

conduction angle. Therefore, the conduction angle must be decreased because

the regulator power output is higher than required by the genera_or. This re-

sults in higher rms currents per phase which requires a larger power trans-

former and power-stage magnetic amplifier and results in larger power losses

in the regulator. Table 3.2. I-6 shows the exciter-regulator packaged weight,
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packaged volume, and power loss for generators operating at i.0 per unit

voltage with 0.5 per unit current out-puto

TABLE 3.2.1-6

Packaged Weight, Packaged Volume and Power Loss of ,,._t_P"_-_-'-_,_-"_r_o_,_-_o__"

for i, 5, and i0 Megawatt Generators Operating at I°0 -2er _-'_{- v_.:-_ w_th

0 5 Per _-_* r_ ...... + O'_*p"t

: i

Generator

Design

A (i I W)
MW)B _o

c (i0

Exciter -Reg'uiator

Wei_ht-lbs. Volume-ft 3 Power Loss-\,Vatts

45.9 1.03 500

54.8 1.23 594

o5.8 i.48 ....

%.M

I !
: !

cJ

i

r

The curves shown in Figures 3.2. i-i0, ii, and 12 show exciter-regulator

packaged weight, packaged volume, and efficiency as a function of the gen-

erator rating. Curve l_on each figure_represents the exciter-reg;uiators

that control generators operating at rated voltage and current° Cui_ve 2_on

each figure_is for exciter-regulators that control generators operating at

i. 0 per unit voltage with 0.5 per unit current oubaut. The weight and volume

is also valid for the operating point of 0o 5 per unit voltage with !o 0 per unit

current output; the power losses, however, are lower. The efficiency curve

for condition 2 is shown for the higher steady-state power iOSSo

Conclusions

A comparison of the parametric data for exciter-regulators utilizing hi-aS -

netic amplifiers in the power stage with exciter-regulators using silicon-

controlled rectifiers shows that the latter is more efficient and has smaller



i

I '

i i

_.._&

J

! !

size and weight The lower efficiency of the magnetic amplifier t]c0e is _.........

by the additional power loss in the power-stage magnetic amplifier and in the

power transformer. Power trans,o .....r losses _n__°_-s__ _o,,__.........of th_ _,_-_:_,

voltage and current output required because of the voltage drop across the sat-

urated reactance of the magnetic amplifier. The increased size and weight is due

to the larger power transformer required and the power stage maznedc amp]ifier,

which is an additional component not required in the exci'.cer-re_u!ator usin_ sili-

con controlled rectifiers. A system analysis is necessary to determine if the

50°C increase in coolant temperature offsets the increase in size, weizht and

=.no_hel con-lower efficiency of exciter-regulator using magnetic amplifiers. ^ ....

sideration is the additional time delay introduced by the magnetic amplifier will

usually make stabilization of the system more difficult and impose some penalty

on system transient performance.

3.2. i. 3 Magnetic-Amplifier, High-Temperature-Gas-Tube-Diode mxcz'_" "_Le.=_-

Regulator.

Power Stage•

For these static-exciter, voltage-regulator designs utilizing a magnetic amplifier

with high temperature tubes in the power stage for control of I, 5, and i0 me_a-

watt generators, the three-phase, full-wave circuit was chosen for the reasons

stated in section 3.2. i. 2. The high-temperature gas tubes would _e_.-m__ -_ oneration_

1
4 " 4- _t." "up to ambient temperatures of 400°C. However, the Lm_a_:on _mposed by the

i P_eference section 3.2.4, High-Temperature, Gas-Tube Diodes, in the

Space Electric Power Systems Study Progress Report - First Quarter
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present state-of-the-art for magnetic arnpHfiers • es_l_s the upper ooeratin,g

2
temperature to 180°C. Because of this magnetic am_l_fie_...... _?_-__:_-_ _- ....._ _.'_nu -

ration, it is assumed that the average coolant temperature is _,_,_ at

180°C.

,rm ...... _ gas ÷"__,,_ _,_ _ -_,_e diodes in Heu ^_ -^-_'_ ..... _--__'- _:-_ ............ul silicon _._±i_i _ Lu _L_±ll li±_i_r _i_:_2__,-

ature operation for the exciter-regulator results in higher power losses for two

reasons: (i) higher tube forward voltage drop, (2) the tubes are the not cathode

type and require filament power for direct heating of the c_ihodes, q_e ;_ ........+

power requirements (95 watts at 2.5 volts rms) exceed the tube forward conduc-

tion power losses and result in lower regulator efficiency.

I

The magnitude of the applied filament voltage is critical, since tube forward

voltage drop is a function of filament voltage; therefore, the filament voi_ge

must be held at the proper level to assure maximum reliability. Assuming the

power supply voltage for the voltage regulator is taken from the generato _,_ter-

minals fluctuations in this voltage will affect the filament voltage; therefore,

means of regulating this voltage such as a constant voltage transformer or volt-

age regulator glow tube will be required. A circuit to provide this function_ has

not been determined and its effect has not been taken into account in the para-

metric data.

The section on High-Temperature, Gas-Tube Diodes (see footnote I) states "'_-

the present gas tube with a i0 ampere average forward cu',"_ent __....÷_'_,_ _ s av_l_ble' "

2 Reference section 3.2.2. i, High-Temperature },_agnetic =m_0_ _::fief s, in the

Space Electric Power Systems Study Progress P_eport - _'"_'____ _ Quarter



in a peak inverse voltage rating of 200 volts. Data for the i0 -_n_......_ _<,_,_

"scaled up" to i0,000 volts PIV is also given° Because a I0 ampere, i580

volts PIV tube is adequate for the amount of excitation power required (_ s_fety

factor of 2 on PIV) is is assumed thaA a tube with a pe_k-inverse-voiia_ge ro:tin_

of 1500 volts can be developed with parametric data and physical chmrmeteristics

the same as for the i0 ampere, i0,000 volt unit, except the height. For purposes

of estimating the packaged regulator volume, the height of the 1500 volts PIV tube

is assumed to be 4.8 inches.

Preamplifier

ph plifi _l_+_ _ +'_ _--_-.!'_ ......A three- ase, half-wave magnetic am er was ........ _-'_ ....... _:_ for

this exciter-regulator as in the two previous cases. The choice of the coolant tem-

perature of 180°C has an advantage in that the rectifying elements required for the

preamplifier and also the sensing circuit can be silicon diodes instead of gas tubes.

This is made possible by a relatively new silicon glass diode manu-,_ctur¢_ by

Unitrode Transistor Products, Inc., Waltham, Massachusetts. Their oublished

data sheets specify an ambient operating temperature range of -100°C to +250°C

in current ratings up to 3 amperes at +25°C. With derating at increased ambient

temperatures, this device has sufficient current capacity for this application.

By using this device, instead of gas-tube diodes, considerable savin_s in size,

weight and power loss can be realized. Reduction in power loss is rea_1_d ;oe-

cause the silicon diode required no filament power and has lower power ....... y ......(]_ b _,i !ja_ t± O1!

during conduction.

Parametric Data

. VO_U_.;, 2_.._ DO\\Ter IOSS forTable 3.2.1-7 shows the packaged weight, nackag'ed _ ....... _ "
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exciter-regulators for control of the generator designs of Table 3. _ ....._. _t--. it'L-

data shown in Table 3.2.1-7 is for exciter-regulators that control ge'_ro_,-__s

operating at i. 0 per unit voltage with i. 0 per unit current output° The data is

also valid for generators operating over a 0.8 to I. 0 per unit voltage and cur-

rent range.

TABLE 3.2.1-7

Packaged Weight, Packaged Volume, and Power Losses for ,,xc,,_ -_o_ .... _-

for i, 5, and i0 Megawatt Generators Operating at I. 0 Per Unit Vo!ta_e with

i. 0 Per Unit Current Output.

Generator

Design

A (IMW)
m (5
C (I0 MW)

Weight-lbs.

Exciter o- _.....-Re,_u :_ LO_

Volume -ft 3 P O_.Vei _ z__=S-,._._S

65 1 3V. -._,i

80.5 1.68 1578

91 1,89 1708

Table 3.2.1-8 shows the same exciter-regulator data as Table 3.2o 1-7 except

the generator operating point is Io 0 per unit voltage and 0.5 per unit current°

These exciter-regulators are also capable of controlling the generato_ _ when

operating at 0.5 per unit voltage and !o 0 per unit current. Data is given fo ;_ the

I. 0 per voltage 0.5 per current condition because this is the most severe oper-

ating condition.

It should be noted again that the generator voltage variations, made necessary

by the constant power output requirements, will cause problems in maintainin_

constant filament supply voltage and the circuit required "o rez'ub_t_ ':!tie volt-

"__',_ paC_,_oe ._:,_q DOWel",_s_ has not been taken into account in the exciter-regulator _-_ o- _, _ _

losses.
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TABLE 3.2.1-8

Packaged Weight, Packaged Volume, and Power Losses for E._c_er-.<_gu -

lators for Generators Operating at 1 0 Per Unit _r,_l+_ ,T_+_ 0 5 o_. Umit

Current Output.

Generator

Design

A (lZvZW)
B (5 MW)
C (i0 MW)

Weight-lbs. Volume -ft 3 Power Los s-V/atts

72 I 51 _20

84.6 1.76 1554
105 2.17 1773

A graphical representation of exciter-regulator packaged weight, packaged

o!,...e, and efficiency is shown in Figures 3.2. l-zo, z., and 15. _.u_. v_ ,

on each figure is for exciter-regulators that control zenerators operatin_ ac

I. 0 per unit voltage and current. Curve 2, on each figure, is for excitei'-

regulators that control generators operating at i. 0 per unit voltage witl{ 0.5

per unit current output.

Conclusions

The larger size of high temperature components results in a larger pack_,ge

for this type of exciter-regulator than for the previous two types° The effi-

ciency is lower because of the filament power required by the high tempe_'-

ature tubes and higher tube forward voltage drop. Here again, a system

• (_ianalysis will be required to determine if the h1_ner allowable coolant t_..=.z_ez_--,,---

ature is worth the additional cost in size and weight.

A development program which culminated in a magnetic amolifier_ wm_n'_} .,.._<_t"__

relatively high power handling capabilities in the temperature range h'om
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3 _'_°'e'_ r _J-_n_, -_-_0 _ 11_ '--_',_ :: .- - -., , ..-_ ,_ to 400°C would allow design of an exc.t_-_ eou1=_ ca]]ab!o o_ _-_c::;:_on

at coolant fluid temperatures in 300°0 to 350°0 range. Aavancer-:e,:,. in the

state-of-the-art for materials and also manufacturing _hn_q_,es vzouhl be re-

quired to obtain this operating temperature r_n_e__ (reference _=_s°'h.... _.-__:,_r,_re_.-_+_"

Magnetic Amplifiers, footnote 2).

• Another possible approach to high temperature operation would be development

of a high temperature thyratron. Possibly the preamplifier could utilize high

temperature gas triodes for thyratron control. High temperature _as t__dodes

are now available but high temperature thyratrons are not.

The above development programs are cited as additional approaches extend-

ing the allowable operating temperature for exciter-regulators.

Development work has been preformed on a voltage regulator capable of ope:--

ation at temperatures in the 315°C range on the Hotelec program. This _e_u-

lator utilizes high-temperature;gas tubes and magnetic amplifiers. However,

the steady power output capability of the regulator is in the 200 watt range

which is far below the excitation requirements for this application.

3.2. i. 4 Magnetic-Amplifier, High-Temperature-Semiconductor Exciter-

Regulator.

i

High temperature diodes presently available are fabricated of gallium arsenide.

a_c_ ...............The maximum peak-inverse-voltage rating available is 55 volts _ _ +he <,_o_._u_-

forward current rating is 250 milliamperes. The power _:_.=u_,=s_-<_"........._ _,,j.__:es_'_::"-:

1 Reference section 3.2.2.5, High Temperature Semiconductors in the _pace'_'

Electric Power Systems Study Progress Report - First Quarter
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of this device make itunacceptable for high temperature, h'_n-__,nwe-_..,o..=..... .....e_.ei ...._er-

regulators at the present time. The oresent { +_'__-_-art " _-__'- :-_-_--

ature magnetic amplifiers capable of providing :-_......... _'_-_+_

,iou C 2 Au_,=_:_s in theallowable operating temperature to approximately _-_ _o . _, ......

state-of-the-art (see footnote 1 and 2) may prove these designs feasible at

some later date, but for the present these designs will be deferred.

2 Reference section 3.2.z. I, .High Temperature _'_ .... _ =_._ ........,
_uarterSpace and Electric Power Systems Progress Report - Fir_st _ " • .

in the
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2 2 Switch Gear,J. •

The switch gear necessary to accomplish the various system functior.s L_

been described in the First Quarterly Report. The following is a sumrna,'y of

the three types of switch gear needed.

I. Line Circuit-Breaker

A line circuit-breaker is required on the generator output to provide a

means of disconnecting the load during system startup, system shut-

down, and permanent fault removal. In ad_tion it provides the function

of interrupting and reclosing, when directed by suitable control in-

telligence, as in the case of temporary flash-overs of the p_.....olJulslon"

machinery.

2. Bank Switch

The bank switch is required for i00-percent step changes in bus volt-

isolated-t_ ans_o_ _e _ -age. This device is used in conjunction with " _ _ .....

secondary sections and their associated rectifier-banks to provide

these large variations in bus voltage.

3. Tap -Changer

The tap-changer is required for less than 100-percent step c_an_es in

bus voltage. Its function is to place the generator output voltage on

various taps of the transformer primary to effect a change in the trans-

former turns-ratio.

The general approachtowardnaramelrically evaluating the ai_ove _ _'_"' gear

is:

z5o
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• . Dielectric Properties;

The dielectric properties of a vacuum are much more favorable thzn that

of any of the solids or gaseous nlea_a. Some of the literature s_ates

dielectric strengths of 10 6 volts-per-centin_eter in a -_-__-._ _ -- "

reason, it was decided to utilize a non-hermetic-sealed approach on all

switch gear.

2. Interruption in vacuum;

Power interruption in a vacuum environment has been found to be very

superior to either liquid or gaseous media. In the case of liquid or

gaseous media, the mean-free path of particles within +he_ in_="- .............• upon:.%

gap is very short; hence, the mechanism of avalance coiHsions and the

resulting ionization is a very predominate factor in successful power

interruption. For successful power interruption, then, a conventional

means of de-ionizing these.media must be incorporated. In the case of

the vacuum environment, the mean-free path of particles w_u_**._-_-'.- _Ln__ oa_o"_-

is much longer than the gap itself, hence, the condition of avalance

collision to produce ionization is virtually non-existant. For this reason,

the parametric approach for the above equipment was again directed to-

ward utilizing the vacuum environment to gain the superior .n_e._-....• u!_+_'_-_,._

ability and again to avoid hermetic sealed enclosures.

3. Steady State Losses;

There are two prime sources of steady state losses in the :d_ove s_:,-'-"c_-

gear. These are the I2R loss at the contact faces and thei2_<.:losses

throughout the interconnecting bus-work in the switch gear :+_ _'_ ....._
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current levels for the various switch gear ranges from 2o a.,pe_ _ input

on an 8 bank switch to 6,667 amperes line current on the circuit _ .... I_

and tap changer.

Contact configuration;

The basic configuration of the knife-t}_e contact is h_ figure 3.2.2-1.

This configuration was chosen because; (I) the configuration inherently

Provides two paraiiei paths for the load cur_ ......._nL, <_'_' ......._ IJ:_y_-'-_""'__,_: _"-_-"w:_

of the contact can be increased to provide a line contact rather :_ _tP._il a

point contact; (3) flexibility of the female portion of the contact can be

achieved by spring-loaded butt-edges, thereby avoiding the need for

flexible bus work; (4) operation of this type contact can be accomplished

by entering the male section from either side or, by suitable design,

from the front. This flexibility of engagement was used primarily in the

tap changer and bank switch equipment.

Cold Welding in vacuum:,

The most severe problem, from a feasibility standpoint for the swi%ch

gear, is cold-welding contact surfaces in a vacuum environment. _fhis

is recognized as a very serious problem and one that must be solved

before derailed designs of mechanical switch-gear for vacuum use can be

completed. The parametric estimates of all the above switch-_ear was

prepared on the assumption that the cold-welding _ -_ _ _D_oD_em can De re-

solved and feasible solutions achieved. It is anticipated that _,.... _

perimental work must be done, in order to select t._ose _.._ .... o.

and/or mixtures which will not be vulnerable to cold-weldin_ and -__ _
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have feasible electrical characteristics, before firm switch gear de-

signs can be achieved.

An alternate approach to avo_d cold-we_azn_ is to _c_ u_ _±_=_J_.,_,_

and to provide an artificial environment. This could utilize sever_l

_..._.a.b.._v.,*,.a..a.a.a._,..,a.

rupting capabilities. Larger and heavier equipment would, however,

result along with the additional problem of seal reliability. The s_a_ed

approach is not considered in this study.

Cooling;

The bank Switch and tap changer will be cooled by passing coolant fluid

through coils or tubes attached to the stationary outer drum. Heat gen-

erated by bus and contact losses at the outer drum wilt pass to the coils

by conduction. Radiation will be utilized to transfer heat losses _....

the inner drum to the outer drum. The line circuit _ _- __rea_e_ will be

cooled by coolant tubes or a cold-plate built into the structure of the

unit.

Curves are presented showing weight,

average temperatures of lO0°C, 300°C, and 500°C.

able temperature rises are as follows"

Coolant Average Temperature

100°C

300°C

500°C

volume, and losses with coolant

Coolants and allow-

Coolant Fluid

Monoisopropy! ' " 'JJ* 2; *.<_.-.J._/

0S-124 or eutectic "_."_

OS-124 or eutectic Nall

Rise

¢" "> ,D _'_

_ _ _r _

.<,J __.

I0°C
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The above characteristics of the coolant _._=*'"_...._ _ based on ...._--_" .....

presented in the First Quarterly Report. (See Figures 3.2._--2 _ - '

3.2.4-4 in the First Quarterly Report.)

3.2.2.1 Line Circuit Breaker

The line circuit breaker is fundamentally a three-pole single-throw device

with an actuating mechanism capable of remote operation. This type of cir-

cuit breaker was chosen based on the assumption that the physical location of

the circuit breaker in an actual space vehicle system, and also the mode of

electrical system operation, would not be compatible with a manually operated

circuit breaker.

Figure 3.2.2-2 is a schematic diagram of the line circuit breaker. The breaker

will open or close the three-phase lines when the trip or close c.rcu_L is ener-

gized.

Figures 3.2.2-3through 3.2.2-11 present the result of this portion of the para-

metric study. The extremely large weight difference between figure 3.2.2-3

and 3.2.2-9 is the result of the different generator voltage and current levels.

The extremely high levels of current require large contacts to keep the steady-

state contact losses down to a reasonable value. In addition, the inte-¢na! bus-

work must be proportionately larger for these currents.

3.2.2.2 Tap-Changer

The mechanical configuration chosen for the tap-changer w2_s th_at of a ro_-

table inner drum and a fixed outer drum both of cylindrical shane. ° All _-_-_-,L:C_;....
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and output connections to the tap-changer are made on the outer drur_.. TI_

inner drum is rotated by a driving mechanism from one angular ......_-S_ti_il to tiiO

next such that contacts on the inner and outer drums are engaged.

Figure 3.2.2-12 shows the basic electrical function of the unit. OP_ the cuter

drum, levels I, 3, and 5 will be used as ou_)ut connections to the transformer.

The input connections to the tap-changer will be on levels 2, 4, and 6. For

example, the input on level 2 of the outer drum is taken to level 2 of the inner

drum by a contact and internal bus-work connected to level i of the inner drum.

The inner drum level 1 is connected to the outer drum level 1 by con_ct thEt

is dependent upon the position of the inner drum.

The input power is placed on the inner drum by means of a contact. This method

was chosen in lieu of flexible bus work connected directly to the inner drum be-

cause it is more feasible to develop the contacts than to develop heavy bus work

which is flexible and also reliable in a vacuum. Flexible copper braid, for ex-

ample, was avoided because of the probability that each individual strand would

eventually cold weld in a vacuum thus defeating its original purpose.

Figures 3.2.2-13 through 3.2.2-27 graphically present the results of this por-

tion of the study. Figures 3.2.2-13 through 3.2.2-21 are for the weight, volume

and losses for a four-tap tap-changer. Figure 3.2.2-22 through 3.2.2-2? s'_ow

the weights of two-tap output and six-tap output tap-changers at the 1000/!732

voltage level. The two and six-tap out_ut units were inc_u,._ for _.................

evaluations of variable voltage systems.
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_L

_ • ,_ ,) ]_ r F _-_As in the case of the line circuit _u_......._i,e_, the auu/ooo volt _:i_ c.....o_: is

much heavier than the higher voltage tap-changers. This again is due to the

high current levels associated with low voltage systems.

3.2.2.3 Bank Switch

Four-bank and eight-bank switches of the same basic configuration were

studied. The configuration used is essentially the same as the tap-changer,

i.e. a rotatable inner drum and a fixed outer drum. Again all input and out-

put connections are made to the outer drum.

Figures 3.2.2-28 and 3.2.2-29 are, respectively, schematics of the four-

bank and eight-bank switches. The operation of these switches is the sa_-ae

as the tap-changer except for multiple input connection and only two output

connections (positive and negative). Rectifier bamk connections are shown

by dotted lines in the outer drum portion of the schematics.

Figures 3.2.2-30 through 3.2:2-35 show the results of this portion of the

study. Input and output voltage levels were chosen by earlier analysis.

The data presented here is, therefore, only for 5 KV d-c input and 50 KV

d-c output for the eight-bank switch and I0 KV d-c input and 50 KV d-c

output for the four-bank switch.
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3.2.3 Multiple Diode _D_{__,,__:Circui_s

r-7

3.2.3.1 Circuit '_ .... _ - ;_='_J_'_

_--_m_'_'__..e _.._._.___._d_T_S_,_"diode r_tir._s are not _..=_o_,_,_+'"__ti_,,._ sysie'n require-

ments_ diodes must be connected i__._.o=_i=__=_at_d/or in _oarai!e!. _']-___._-_o_o_Z

discussion considers the effect _u%dlimitation for these two tvnes of connec-

tions.

Diodes in Series

The use of diodes in some h_gh-vo._age power re_z_,_r " ....

the use of rectifier elements in series to form the : _ "--:_eq_va_e_:_ of a sing!e rec-

tifier device. The u&e of _v=_÷_._,_ _-_-_ _,,_o,_-_ ,...... +_,,_ >-, ,_-.v,-_-_

to the resulting rectifier stacks or columns. To obtain <"_n__ vo!{age cap_]_z=z_y"-

to withstand the peak inverse vo_.se>'_(PiV) of a system it is necessary to _:o-_o-

vide a positive means of uniform vo_4a__ _ azs_r_ou_:o_"_°'__-'_"_'_across the ,__,__c_,_"-'_u-_i;'

diodes. Diodes, which have their reverse characteristics r_:atched_ have

operated successfully in series without forced voltage c,_-'===u-.,-;.:Som=;c<,_:._

the recovery time may differ from diode to c,oae; there is some q_= ...._=_

_O_C ..........however_ as to the tra.nsient-volta_e division durin Z _,_ _ sw-;tc_{-[ E3csuse

the diode reverse characteristics vary _ " _ is ° ' for un-w:_e_y_ it ooss:ble seve.:a!

matched diodes in a series string to attempt to support the it_verse volt_cge

such that the dielectric property of the _ _-J-'_°_" ' "-_ is _ _':_-__ Fcr _

voltage division for diodes in series may be .._._._.=_._-"_ by o_,_,..._-s'"......:-_.....:-_ach

diode with a caoacitor - _ _ _". res.s_o_ network to ._--.........<::for _-__ sv::Cem

parameters which would o_nerw_.s_........ _ *-_ ....... ' .... _ ........... : '- .........

of the resistors combined with *'_o _.o-_:_< -:_- -...... '_..... _ ' _'_,w --'-_o _o_,_,.... _-
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tors provide a sufficiently low value of shuntin@ impedance io insure u::iforn_

voltage division under steady-state and transient vo:u_s__ conc_l_!on_._"_".... .=__'_-

capacitors, which are primarily designed to off-set the effect of the distri-

buted capacitance in the system, offer the additional effect of reducin S uneven

voltage distribution resulting from the difference in diode recovery ti_::e.

tna. capacitors_ the steady-Because diodes can withstand greater unbalance '

co,._=o_lea vat=in close=state voltage division across the capacitor must be _+-" _ _ _" "_

limits for greatest reliability. The shunting resistors used to force uniform

voltage division across the basic diode of a rectifier assembly also serve ,:o

vu._a_e the shkiiiiiigcapacitor's. _v_-:'_.S _'-'__:_

recurrent voltage across the capacitors within a specified percentage of the

capacitors d-c working voltage provides ion_ capacitor life preventing cam-

strophic system failure.

Diodes in Parallel

To provide the required current capacity in some high power rectifier sys-

tems it is necessary to parallel diodes. The low regulation characteristics

of rectifying elements require a positive means of current distribution to

prevent overloading individual diodes. Proper current division can be ob-

tained by matching the forward diode characteristics, by the addition of series

resistance or reactance, by the use of balancing transformers, or by separate

transformer windings. For this application, separate _" _ _ ......'_ ,...._.....a-

proved to be the most advantageous.
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f-'1,

_J

"4

_]_ _ ]_,_" i _ h_ ......R,__ab_,_y is normally def_nea as L.,_ abi±luy of a cevlce to sa_s=ac_ori±y_....... ce---_

form the specific function for w,_h It was !ncenc_c. _'vi_:y..............-o_-

,_._i_y _v__th component - __ ....• e±l_vil!_y, some cases, this may _ ....... }'"_

it cannot be generally accepted as the -_-:_ word. System r_=:ao:_,:_y ,'_s n_t

necessarily assured by simply _ _"s,_,_c_.:s dlodes, _es_stors _,:_".....__"::-.....

..... _,._e the reiiz-functioniny, in circuits for which they were __e_d,_a would p-°_"

biiity of the basic componems; however, "_n _,_,_::_o _ . . .......

biies, the reliability of the components is not the : " _ _-_ "' "comp_e_ crlL_r!?_ ileces-

sary in estab!ishin[ system reliability. Systern reliability is a_= _,::_,_ <_a

function governed by the manufacturer's selection of " • -__-_compon_ .... -associated

with the particular characteristics which _°e p__t___..ntto the -"_"_'_aoo_l_ assem-

bly.

A parameter of particul?_r concern for diodes in series is the ho!s-storage

.... .r.i-',_Cc O_ this_, more commonly known as the diode recovery time. _. .......*_ _ " "

parameter may go undetected in rectifier applications that normally required

to commutate forward current and block reverse vokaze in elementary cir-

cuits employing one or two diodes in series. For atplications requiring many

diodes in,series, this becomes one of the governing pa_arneters.

In rectifier applications it is necessary to consider the _" _...........

ments of the system. The magnitude and cu: =_=on of over±o__= _-_ -'_.......

rents dictate the diode type to be used. _ order to supply "- _:_'' ......cuz're::_ u_.e

diodes do not operate near their designed junction _e_moe_.-_,_,.:.........._ _._o.PIV. :_:"_
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rectifiers were to operate at _he,r m_-_mum design _'at_g, they v,,cu!dh_ve

insufficient capacity to handle short circuit currents. Because of the reduced

diode-junction temperature, a reduction in percent diode ___,_l,,-_ can be ob-

tained.

The PIV of the basic diode is determined by considerin_ the possible unbalance

in voltage distribution in the series rectifier string. Tolerances of the shunt

resistors and capacitors, transient overvolta_es, distributed capacitance to

ground, and failure of the basic diode or shunt capacitors cause unequal voltage

distribution within the rectifier stack. A voltage factor of 2 5 of .....• Li_ system

voltage rating is normally satisfactory for hizh voltage rectifier _ssemb_es

to compensate for unbalanced peak inverse diode voltages.

The proper application of the basic diodes and associated shunt components

to a high voltage rectifier assembly will provide a system where a diode or

capacitor failure is possible and system integrity can still be maintained.

Corona

In electrical systems of 30,000 volts or more, in a _aseous media, a pheno:_.ena

known as corona is likely to be encountered. Corona is an ionization of the

gaseous media caused by over voltage stress from high potential g'radients

emanating from sharp edges. To counteract this condition mechanical at-

tachments can be adapted to the rectifier stacks.



3.2.3.2 Silicon-Diode, Rectifier-Circuit _ ......_ _'_

_cL__c_l System

-he basic transformation circuit considered _ _-_,=_c *_ circuit _-_=_'-_

study is -he Wye, 6-Phase, Delta, '-" " _ _'-_" " _'_ _ouo_e Way (_- ,_a_e_. This c_-_u___-,_....,___._:--__s

determined in the First Quarter Report, provided mn ovez_ail rectifier system

with the least number of diodes and highest rectifier e=:!,_ency. This ....p_r_ of

the study considers the diodes and volta2_e balancing _-_ _ __co._pon=_. T_he trsms-

former parametric study is presented as a separ__te :_ _Wr±_.- UD.

Tables 3.2.3-1 through 3.2.3-6 list component quantity, size, _e_._-_:_, and

power losses for a 4-bank mud 8-bark silicon_ectifier system capW_le of

providing I, 5, and 10-megawatts at system direct current "+_VOi_a_S Of 5_

i0, 20, 40, and 50 kilovolts.

A voltage factor of 2.5 of the normal diode _az<--_- inverse _...... _ _ '

established the diode quantity per rectifier bridge.

The basic silicon diode selected for the 10-megawatt_4-rectifier-bmZ< system

has the greatest power conducting capability presently available° This diode

meets the normal 10-megawatt system current requirement in the _:'anze of '_

to 20 kilovolts and provides short circuit capability when p_.ralieied. The use

of two permanently paralleled rectifier bridges and the associated tr_.nsfo_'mez _

secondary windings do not alter the basic bank s_vitching" arran_eme-_mL V/i_k

continued advancement in current capab_._es of ....._"]_s-_ diode u_ +_, vnth a _=o-........_,_=_

of 500 ampere devices within 5 years, a 4-rec[ifier b_-2{ \vitho< p_-ai!e!ed

diodes would furnish the required power.

I_



1-I
!

c_3

o_

c_

C,

I
I



c_
l

c_

I



1

c_

i

i



I

i

I

I

i ! _ J !

ii ,

! i I I I
i I / 'I

! ,

I

_d

CJ



L_

!
C_

L_

_J



o

i

OI
ol



Comoarison of rectifier °;_ ._. eL.c.,_: w to the direct c'_rent _j_vs+__=. _,;_...............,a__L

voltage requirements is presented in Figures 3.2.3-i through 3° 2 ° _ --_. ,J- = /02

the 8-bamk and 4-bank silicon-rectifier -'_ ..... ...... %_.e_e e_LCL_F_cy curves

include the power losses of the assocla<ea capacitors ana res__stors

Cooling System

Variation of total weight and volmme_ required cooia=-:t f!ow_ sa:d coo!_ut in-

let temperature for the 4-bamk and 8-ba_ rectification systems at i_ 5_ and

10-megawatts is presented for both a cold-olate_ ,_,_,=__,_._.__rn_o_--_ ar=_. a i__qula -....

bath cooling system in Figm-es 3.2.3-5 through 3.2.3-8. Z_onoisoproioyi

biphenyl (MIPB) is used throughout as a coo!s_nt. Coo!sT_t flow o:%d ir-!et

temperature curves are based on an assumed cool_at tempez_ature rise of

10°C in the system.

In the cold-plate cooling system, diodes are assumed to be mom:ted on _

layer of beryllium oxide insulation_ which in ttu_n is fastened to the pl_.teo

Coolant flow tubes are either embedded in or brazed directly to the pLa_eo

Beryllium oxide insulation is assumed to avoid a l_ge insulation tempe -_-

ature drop between the diode case and the cold plate. Cooiin%<ube desiTn

requirements are based on an assumed convection coefficient of 0. 500 walts/

in 2 o C.

In _ liquid bath _Lng ................_.__ ,_,_-,_ _ro+_ _,_,_ o_-_ _,_-_+_--_ +._,:_o':_ COP.V_!7_iOii3, __

insulation to the supporting structure and are co_nple_el'y intL:_<::_s=din _

_._ which flows directly over _-- A ...... _-_^- °°" " _'_:'-

in2-°C is assumed.
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The rectifier-system total wei._ht is shown in Figure 3o 2.3-5° in a!! c_xses_

this includes the weight of coolant fluid entr'_i0ed within the syst_:.-_o Tct<!

voimme is shown in Figure 3.2.3-6. For the iiquid-ba.th-sooied_S_ar!_ sys-

tem -t will be noted that the volume is {-'_ _ u_e 5 _.Ltc -_-_.:.._.v.,____,_ S_ID_,e for __ " _ _' ........... __-

power ratings, and that the wei%ht is ,_ez-_ " _._- _-<,; ........... y lc&_=._._._. The on_'y cLz_rence_

in iact_ lies in a slightly increased electrical i=tercoLLnectin_ conductor

weight at 10 megawatts° The reason .:.- <n"m {m fb_+ _.x_ifh ]'c_iS he!-_ ._-mm:'ino-fe.......................-_...................o_

the determim.ing factor in size _d weight is the volume and structure re-

quired to packaze the 1056 diodes similar to Type JEDEC IN3170 used in

both cases. The difference in the heat load of these diodes between the 5

and i0 megawatt cases is reflected in the coo!si_t flow and inlet temperature

requirements.

Figure 3.2.3-7 presents required coo!ar:t inlet _ ........_Illp_ _tlr@_ Gr_zvvp= as

straight-line segment curves. For cold-_l_e _0,_._--_ °

inlet temperature is determined as"

Tfi = Tcondui t -

Where Tcondui t

ATconvection

ATfluid

ATconvection - ATf!uid

= Allowafole co!d-p!a::e conduit internal wail

temperat'o_re_ found from modified curves

similar to quarterly report Figure 3.2, 4o '7°

film layer_ assumed to be i0°Co

= Temperslure rise of c:oo!snt f!'c'.ddue !o hez'h

absorption_ assumed to be !0°Co

2i5
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L_'

-junc;non --m stud is :-'_:_ j]:ncKc:: to stud ...............

diode stud temperature azzd case tem,_erature' *_.--'e assumeo._ to _-e_ "_'":-_-'_J.

The fluid .... _-__emper_u=e rise is o_ _o_'_ " ' __ Co coon-_

method analyses _ssu.me z 3u,._.._.,".......... ,....... ; _z,._o-_ _._.,._,-_ <,_,c., ,,..

the supplier% spe___.ed maxin_mm of 190°Co

LI

With both ccozzn_ systems me -_ ",:_-_...ol,__. _ct cooa_l:c ................

.L -

i'_.t.__.._mr _3'_c, _-.... :.-L_. :-.=;_... ']0

....... _e_'r,p_z <uuz _; r-,.sq_,ired by thedissipated from each rectifier. T.<erefore_ <->._ '" .........

a bark system is the same at both 5 and i0 meg_.w___ts, si:<ce u_. use ,:he

same diode dissipatin[ 97 watts each° 'The_o _._.,_e_........_._e _._ ova.r_Z.l !-:esiloss,

as a result of different qu_:tities of diodes, is reflected i:z '-'- ........ _-_.-_

coolant f!ow_ shown in Figure 3,2o 3-So

It is interestin_ to note that for the _ _'__ .... _/: -:_"- .... "_-

coolant inlet temperature_ is lower for L_,.__i-meomwat% ._-:_+'_._:.o<__y_m_'_;-_" C..tm%

for the 5 me_w_tto This results x°om the use of a _m£.._._ d_._._ s:m=_.r

to Type JEDEC !NligO_ with & oomumz_t'zve!y hLsh therm__i _ ".........._s

low surface area for the ! m£527_."t_,_+l_}_=___systemo

Required coo!£r_t flow _< _.ss_m_:d % '--

" - .... _ s-_ne for _ ..... -_o_ :_;-:-_ ..... _ "-.cuLt<-raise a.%d is therefore assumed to b_ _'_- _wn _._.....--_............._.... _

bath methods of _o_i'-_ P;[:_"_ _- 2° 3-8 is _---._'. _;"-"_"-"""-_: ......
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perature rise of !0°C. The _aca was o_=,_ fro_r_ Quarterly _'_-,_,-.....

Number !, Figure 3.2.4-2.

3.2.3.3 ..-_h- - e._p_.,.,= e, o_n_u,_o_- O±_¢ ..... "_ _- _ ..... _:

Parametric Data

The present and esti.m.ated advances iT:the state-of-the-_-t of high tencper-

ature semiconductor diodes, such as gallium arsenide and silicon c_rbide,

as determined from the First Qu_ter!y Report_ is i_ad_c _'-_ to provide

high-power, high-voltage rectification. The application of these devices

to this space application is, therefore, premature and will _ce deferred.

3.2.3.4 High-Temperature Gas-Tube-Diode i%ectifier- Circuit '_....

metric Data

Electrical System

The Wye, 6-Phase, Delta_ Double-Way r_-_Zo,_ .- "-has ...._\i__.___._/ CIi_C_I_ _,_lq l_e_iil_G

for the hydrogen-gas-tube-diode - _-"_ _"- ......... _'-'_ _=_ _r_-rec_L=_c_o_o._ p_. _,_._ study° _'_ ........

_ _ -_' _ _-,_ ..... . _,.former parametric study presented as a _._. _.._ write-up w____Lm_c=uc.e the

transformer requirements for gas _- _ ._ .... _ oowe_ _r_ g_.___

ment power losses are included and ap_ under _,._.,_ _o__ _ _:_ t_.e o_ _-

pared tables, it should be re-emphasized at this poi:%t _-=__ ÷_._ _-__ :_'_

diode considered in this study has not been _ _ "_ TheC_V_=Oi_._ _. !De rioi_YF± _C_

characteristics of the tube is based on ex_: _,aol_.._ aa_a of an =v-

ampere, 200 PIV design.

Tables 3.2.3-7 through 3.2.3-9 list the diode quantity, voiun_e_ weight,

and power losses for an 8-ba__%_as-tube _eu_=:=_ system c_}_..oleof pro-
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riding i,

20, _0, and 50 kilovolts.

ga_-Luoe diodes,

5, and I0 megawatts at system direct curren; vor_agas of o, J.u,

Becau_se of the low cu:-ren_ _:._._y _ _,_ _,-

six permanently pa_,_a._.=_eo.............. f_ ......... : _ o-,ucs_m are IC£}t_I!'eQ

for the 5<negawatt system and 12 for +_d,__.0_,.._,_o-o,s__',--_"+_-system. _;',_-__:_o_o-_'-

posed arrangement is desirable e!ectrical!y}but will be cun:her o_.-_'__:_,_

a mechanical standpoint. Diodes in series are not necessary because a gO

KV PiV rating can be provided in a single g_s-tube diode. As a _{,__,_

value, therefore, the PIV multiplyin_ factor is appro[£hnate!y twice the

value of the silicon-rectifier system.

The 4-bank system was rejected as impractical because it required twice

the number of fixed parallel bridges.

Comparison of rectifier efficiency to the direct-current system power and

voltage requirements is shown in Figures 3.2.3-9 and i0.

Cooiin_ System

Curves are presented showing the variation of total weisht and volume, re-

quired coolant flow, and required coolant inlet temperature for 8-bank gas-

tube rectifier systems of I, 5, and !0 megawatts. A radiation cold-p!ate

cooling system and a liquid bath cooling system are considered using 2v[on-

santo Chemical Company OS-124 coolant. Coolant flow and inlet tempera-

ture curves are based on an assumed coolant tempe_'ature rise Of _ _°'__._ _ in

the system, to facilitate comparison with the silicon-rec[Ki._r sys:e:r:o

"-_/1
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In the __d_uon _1_ _-1o_-_ .........._-._-_._ coolin_ system_ the _ ..... • ......

to be mounted between " - "o_ -_cold-pi_Le walls. Y_er-yliium o;_ue _._"_"_+__ is assumes"

as insulation to reduce the spacing between the coid-p:a_ surface the gas-

tube diodes The diodes are assumed to -" '_-._ heat +_._ ,-,,_:l_• _aa_ to ...... .... , which in

turn transfer the heat by convection to the contained coolant fluid. Ccolinj

tube desi[n requirements are based on an assumed convection _' _!z_m coefficient

u± _uu WaLLb/_i_ -°C. za_...................Ln¢ .uquzG-uacn coo±zng' sys'tem, coolant fluid is

passed directly over the gas tubes rathez_ than throu._h a s_t_;......._+...._._A p_ate._

Beryllium oxide barriers are used between tubes to duct coolant fluid while

maintainin_ dielectric strength. With 0S-124 coolant fiuid_ in this a-opii-

cation, the surface convection film coefficient is assumed tc be 0. 125 watts/

IN 2 _ oc.

The rectification system total weight is shown in Fi_u_re 3.2.3-II and to_!

volume in Figure 3 2 3-12 The wez_t _c:uc_s en_u_pp_.u coolant foz" ' _'

cooling methods. Unlike szhcon-.ecLn_e_" systems, the we_gi_t __i_O. vo!u!lle

of gas-tube-rectifier systems is substantially lower: when the liquid-bath

coolinff method is employed. This is due primarily to the ability of gas-

tube rectifiers to make more efficient use of packaffinff volume, thus re-

quirin_ a lower percentage of entrapped ceo!ant than the siiicon-rectification

system. In this application the wei_;ht of _dGzt, on a_ entrap:oed _,__+ _._ the

_a_h is considerably less than t,_ weight -_' ...... "-' .... _ _ _ .... _ .........Liquid _- _ '-_ _," _._iu_ _ _o_-_-i.,-'_,._ S_ ._-

ture with the cold-plate cooling, it is feit _" " and -' '_'_ __.,_ the weight .,o .... _._

differential between the two coolin_ me _-, ,;_ ' _ " ',.._o,.,,_,can be ree.uce_ oy des:gn,
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however, _ne trend S:lOu!d remain dle santeo _.-_su-,"'"e o. =............_-:_ _.,_.,,s:::::::::::::::::::

allowable coolant inlet temperature, based on an assu-<ted ntaxin__um gas-tube

rectifier surface temperature of ._00°C. The ma:_nzum a!!o_.vable coolant ten_-

perature is "" _'_" sngn_ly lower in the -. "-_._ _+ ........ __ *_'_- in +_'.......

megawatt svstems,_ because the heat load per tube is bzzzn_!0-"-_-"nzb:_uz'"-......for u_zs_"

system. The maximum allowed temperature with the radiation, cold-plate

method is considerably lower than _hat with the L¢luid ba_h, due to the large

temperature drop in radiation between the gas-tube rectifier and the cold-

plate walls.

Required coolant flow, see ure 3.2.3-_,:, ,= _==_:_ _ _ _-._:y

function of heat load and temperature rise and is therefore the same for

both methods of cooling. The data presented are _ _ _ on _ _l_. _ ....,,_-._

temoerature rise of 10°C, and are obtained from _-'°- ...... _" " "

Figure 3.2.4-3.

3.2.3.5 Summa ry

The rectifier efficiency of the silicon-diode syste__.ns is higher than the _as-

tube diode system over the considered direct-current, output-voitage rar:ge

of 5 to 50 kilovolts and 1 to i0 megawatts.

Because the weight of the gas-tube-diode syste'a_, shown in _io-_re___,. 3.2.3-1!,

does not include the weight of the filament transfornqers, {he tomi wei_?_,tof

the silicon-diode system is less _..an the gas-,ube-_,_ syste_r, fo_ ......_: :_,,,......._
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po_tTer output conditions. Con_,y___..s .... o___,-0--'-::_=___-.,-,_o,_c _._,_-.,- .... c:_i,.

si_con diodes _so req_re !ess _"_

bath cooling. O_ the two silicon-diode sys_ei_ns coi-_s=c,__ ci-:e:-recci_er-

bank system is more efficient th_ the 8-b_-2< system _rom o,o _ _ I-'_Vfor

power outouts, of i, 5, _d i0 _:esa_v,_'__ .... ++°.

it appears that liquid-bath cooiin_ yields the best weizht_ volume_ _:d cool-

ant temperature results for gas-tu_e .... _ .... while in _ne sllicon recti-

tier system, co!d-plate coolin_ shows the best weight a_-_d cools_%t telupec-

ature data. in comparison with the silicon-rectification system_ the g_as-

tube rectifier system offers a higher aiiow_ole cooi_t temperature range

in exchange for higher required " _ .....welg,._ volume anti coo!an_ flow.



k_

Transformer designs were made for i0,

imum operating temperatures of _a_o_ !000°F, and __°'_ _:.........._:"_

were selected to provide the maximum of ram_.,.._o_.,"_ -_....+_ .-_to alct"- in"__,_,_'-_.-._,......_'_o"•a

system and to show penalties incurred.

_{ost of the data is for a _emperaLu. e of o00°F wid] enough _ '_ m_uw the

a.c_ ±_u_ _. conditions.general characteristics of parameters at the 1000°F _ ' _'-_'°_

A number of important facts have been brought to light by the data produced.

These facts are:

I. A large percentage change in transformer weight produces only a small

percentage change in transformer losses.

2. Except for some limitations, thetransformer electro-_.nagnetic weight

is practically independent of rating for equal conc£+_ions and efficiency.

3. _vlultipleoutput windings, to provide variable out,ou'_voltages at cor-s:_nt

output power, impose a weLzht _oenai_y on the :-_n_L_._._. ........_:_.

"C" +4. High voltages impose a wel_h_ penalty that increases in percer_tage as

the size of the unit is reduced.

5. For the maximum temperature condition, iS00°F, a severe weight and

loss penalty is incurred because the cobalt-iron alloys, required at

this temperature, have higher losses°

_m_m=_. conductors .offer_tt!e "_C_k._ --6. From a weight-loss consideration, _- _ "_

vantage over copper conductors.

23!



it_j 4,. -_ _ ° _ - -

• .=-I, Curves A, B, ar.o.C s_.ow "- ......

weights for i0, 5, and i-megawatt _-,'_,_ ,"_-_"" = _<_:_y. -_ese tra_;s-

° _ = KVto 5O-'V"'* _: " - -formers were designed for voltage variations Tror_,__ _ _,'-_:_. znciudeC.

p_÷-_,1_ _eco,d.._y windings; -" _ ............ '

limited generator excitation and primary taps; and -;;_-,_;-=.... "

B0 KV d-c. The transformer weights and losses are tabulated in Table 3.2.4-1

and -2, for both the minimum and maximum ouLput voiLm_es.

Figure 3 2 _-2 shows losses/input power versus _ °'_ _'_.... _"• . _ _r,_.__O_._ copper ?_nd

iron weights. The weights and losses from i0, 5, and i me.Zawact -_..........._

-'° +_-"_ _" p! ' "

function of losses/input power, or efficiency for given operatmg _ono__o_-_,_i;_ .... and

not a function of the power rating. The ±!_alltat_oils oceLlr wn_.A the frec/ue<cy

or flux are at such a level that proper distribution of iron _na copper ±osses

are not possible,without the iron bein_ _ " ...._ -_ _ _ _ _ '"_ ' _,s_:._.u_:_a_u_ _e_o_ when _dX_.a., _..... _a*_ _.

.o:e 3.2 4_5.would be required because of voltage conditions. See _ _ . _

Figure 3.2.4-1; Curves D and E, show losses versus weight of a transforL_:er

with a single winding capable of deliverin_ 50 KV d-c aud 5 KV a-c = _j_ .... _.

Curves A through E of figure 3.2.4-1 show the transformer weight penalties

imposed by high-voltage and variable voltage at constant power -requirements.

r_aure 3 2 4-1, Curves F and G, show losses ............... "-'_" ....._ '_,_:_,-_ .............:_:_

for 1000°F and 1500°F respee_v_ W. =_e u_s:__"......_/__'_:-:_a.ceb)_ -'_"-_-'-_-'--,-.-....-=--o:-,,to

hold the ratio of losses the same as the ouu"_°_aes_ns. A s:na_, V,,/mi:4il_. -ikJ_b

e,e_e_ tempe_-'atur espenalty is incurred on the i000°F designs, because _ "_ "
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T_ble 3.2 4-i 7]...._. -<........_ " _

To Produce 5-50 }rV d-c :{: ConL!_T:_Po-.cr

Colcper Conductor .LLu:=g:u::zCond;c!or

_,_urn_ce r 3 ;- 5 C

Vfeisht

! 2

2,Z08 3,913

1,890 2,$30

!_!iS 2,15S o.2cZ

i

I

I2R

Loss (1) 24,000 l?,;O0 14,C00 23,d00 13,_2 15,g::3

Zzon

Loss (!) 9,0uO 2,550 ..... 0,_;:5 _, ,_... _,.-_-

Loss (1) _o e', .--,_
O_L;U_

5,080

_,9/,u3

25,!50

3,500

1

/.%OuO 2o,=.0

-2_

Loss (2)

S$,iSO 2:7,!$3

4_3}3

2"S'/ZCO

=; r......
_'.-.:. L, L_G

¢: - <. -, -

(!) Losses at u"O*°-_"-,_""........._ ....r d-c o:_2,:u" _or w_knY::%
(2) Losses =_ _._,,., fo= _ iS7 a-c oub_ut pc:" .........
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, i

Table o 2. ' _' ......

Co_. e. Co ...... o_ _ i_':_i:!_3_- _CC_:-C.:_.__/'_ _ ....... ;_...... _-._c-

To Produce 5-50 _V d-c _t ConU:_:.n_ Po_-,"er

Conductor

Tron

\Vei,_ht

Tolm!

!2R

_ss (!)

Iron

Loss (i)

Total

_.s (1)

Loss (_)

Loss (2)

_, _2.ce Area

Square Inch

S_e

! 2

£34 1,713

$50 !,2i5

1,834 2,931

16,000 Ii,IC3

6,000 5,350

22,0C0 !'?,,550

3,100 2,g50

20,4C0 i9/750

23,500 22,020

l

i

i 2,033

5,02:7

5,7£3

14,!03

1,3'70

_!S 226

," 7 ,f C fi_""

z_ - ._

433

., ., .-

,/,y Z.._,J

l

g i

!0,533 3_693 5/]£3

4.07

20 :: 42

.z.z_

.'d_

-3.;J i_ 4"? 3."i".:

(I) _.-,.......
CC...LI¢(2) Losses at -'_"°-' !0 :..... -



_£

-u

/

]

I iOC,O°F -!:_ _,o.-_

Con/uclor

Lroight 2,o !3 4,OZO o, _0 _,_c_ _,,__

i

\Vei3ht

i2R

Loss (I)

iron

Loss (1)

7'o_I

Loss (i)

!,C80

3,9'_3

2,S'70

OsOoO

!'7,CC0

33,700

Loss (2) 7/.;40 5,520

2'-3,C03

Toni

_" z"Loss (2) 3%o _0

S_ _/2.c e Area

Sc:_are inch

8,300

'3"> ,_.C _

1.743

1 2

5,q!.J

,:W5i,","63

•- ._,_ _ _

C.%663

62,dL.3

_O_L_b

3,220

• . [:-- ,

5;gJ6 !

:.,- ....... 7_....7 _ :
_:,b_C,-J, bb;_O

4 kbLLL"

i

_V_.tLsPer i

bquzre Inch _-14 ....... _ "_ ' L'i.......... ":.C-i

24 x 51 2(_ :: 5? 2_ :: 5_ 2_ :: _.... 23 :: C1 _.,''_ .... :.3

S_e x ,,o x ,;_ x :1:7 :: -_. -iL; _: !5!

(1) Lossas at r,--n ...... _ ....... 2v ........... - •
(2) Losses at "_'_ ............. 10 1,.',7 _ " ' ':_ ....... <"
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T_.ble 3.2.4 -t._.Electro-?,f:Znetic V/clCl:-s _._......Losses

To P_-oduce 60 o_- 5 :,P:d-c

50 ':L-Vd-c I0 ............. 5 v_-V d-c "I1

D.esiam

::{umber _I _ o_' ".__, ..__ _."'<." 5 -.--_ o--" i 1.1= _.

Ccnductor

iron

\Vei_ht !,9!5 .> _,.: .... "r ......

I_.R

LoSS (I) 15,100 ":" ':.-.,.-,o ...... _r..--.::_, •...... -_......

:z-on

Loss (i) _ _'_' ............. _ '=r......... °'

To÷2l

_k7 _'-v _.' " ' "" %

Sd m-"ac e Area

Square Luch 9,2.30 9,6_;0 ._,":.....,_J o/,._ c,v_. 1..L83

VZa'_s Per

Square Inch _ o _ -. ,.......... :-, ,: ;_

24 x 47 25 :: _-_ 23 ;: oz _2 ::,'.9.... .... _z li __

°uize x _ ::$9 X ..o 1:o,_ :: =_ :....-.;

o_(1) :T__sses_t ,_00

C:, <" T;
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---m
Conductor

\Veight

Iron

Tr,,e___nL

][ " ,_ .7e_ght

Conductor

Loss

5-50 [_V d-c 5 __ :_ :'

523

4O5

933

£UO ._.t;

/ 2 0

_-_ O_

Loss

0 _I

Loss

Losses

_put

0_o00

.00555

-.-' _- ,% ;m. m

.Ouoc, O

/ ,_: ,_. ,%

-._ _ ,..;, _ ,,.a

4-" .'_, /' ,'h

22_

-'=",t.

j-< -_



r-u

inci'ease _ cooper losses faster '_" ":: _--

the copper loss is the larger percenta.ze of the ....._,01-_ ....._o:sscu,. ._:_:_.....!_u,.:_"...., .ae-

sizliS incurred a larger "_{-_÷ _ _,_c_..._< coo_:,.-::_.:. ._ _,

be substituted for oriented "_ ,,:_-, ' "

pigher loss (watts per pound) than silicon-iron alloys.

Table 3.2.4-1 shows the weight and losses for ues_o.,s'- _':_ _.=<_,.o-o............._,,_-<_,for

the conductor. The data indicates there is no v,ei_;_t-_osx........ _w_=_e__........" using

aluminum as the conductor. Aluminum has a aenslty of _oouL one-_&i'sd, and

a conductivity of abQut 1 percent that of copper ]_n £:e _o_::_=_,_L_o-.._.. produc-

ing an aluminum weight of one-hail the c_.:_:'-....' for ...._._ _=_._.........._.__..-_,-._;-{,'_'-_;.__,° :_-°e-

cause the aluminum is larger in size, more wl_,_u_-_s s_paee is • _L!_.__ e,_, _._

increasing the core mean-turn and weight° The -,_s_-_°_°.......co-_cLo-_-_'-:....slze also

increases the mean-turn of the aluminum., its w_nL,_.....a_-d _ts"-_s',.....sta,,ce.

This condition then requires the conductor size and weigh[, and the co_-e size

and weight to be further increases in order to --_ ...._....." " __-±±±_h':_:_'!i the s__ille lOSSeS. "s,_

LO._ t:7_p.sfori_e? - ;:sides having no weight advantage, the volume of -" _

aluminum conductor is larger Lhan the one witi: the co;leer con@uczor

To supply variable voltage at constant power the trar:sformers were desi.__ed

with tapped primary %_ndin@ and multiple outou_ v <_,_..... .:m._e.......cur-

. - o. • -, . •

rent division between windings or recruiter brlcg'es oi_e:L_a_ngii_ - -- ' "

might be realized, the outiout win_in_s were designed _o h_ve £ear!y e<uai

impedances. In addition to the above ;_CLO:S,

were used in the design of '__ L......0_ ....S.

based on a maximum of 10 "'_V d-c between =u_<_cu_._-_'.......... \,"-:_'_--_...._:"ss,

_,.;_.....', :'. CORb_ ...... , L:,..,._
,2>

• _c,.,O.,,,c,,-:.... y OiS. !,S

and 50 liV



._J

<J

d-c be_ween vdndin_s and _,......-n_ .... _ ....._ou..._. .,_) S_me ...... "_ " ......

S:d!t =_il-su:=L_o:_ systems which ...... _4 re- _ 2r_ <-- .............rea!i.e@ by altering the " - "_:- -

;_ cost. The total _"*'¢._ are ............... o ...........

the wino_ng is the highest. Because <,{ -no co.,=_uc_!o:_ o_ the .......... -..... _....

it is believed the iron loss would be more readily al_lp_._"o_,.. _ _ an_ .....t::_s 'm.,s,e,..'_'_ _"

loss was not considered too _.5i-ea_a orobiem.

Only electro-magnetic weights are shown in the ,_- _o- q:_....._......_ weif4hts

will be proportional. Because insulation weight is a =unc_on__: of v_._s_+_'-'_ ___t_r_,

the ratio of insulation weight to total _ransf_ met -_-"........_ ....\v_3_'_ se as [he

transformer rating is decreased. Figure o.2._=-o ___iuws we-5_ ve_ _i<Ju_

power. It may be used to estimate transformers for edger ratings.

. r_c_J_:e: systems, more diodesFor the high temperature-gas tube diode, _ _ °: ....

must opere,te in parallel and to provide for nezriy coup! ...........- _-_ -:c_-_-,

more transformer output w±.di._s are r_ulre_.

mer increases as the number of output v"_'°

ne wei_n_ of the tra.usfor-

weizht is required to supply power to the _ode fi!-_ments. The addition_A

weight required for supplying filament power wi!i not foi:ow u_e curve __,,e_. =_-

teristics because the windings must be insulated for high voir.a_'e. The rnethod

of insu!atin[, connecting, and swi_cnin_ rectr,:ier banks would be an in?o _,__

factor in the transformer weight. For the I0 megawatt systems 54, 270 watts

of heater power are required.

Tables 3.2.4-6 and 7 summarize the totsA .....Lr=Y,_s_ul-°.... i_:e_--" v/e :'-_:__,_...... _-_.._ \,_5_:_

analysis calculations of the t-,_ans_ormer° _e=:s=_......... in ...._._ ....... o. __. :'.___-, -,,9 o.....,,=_,_ 4.

9Ai
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packaged wei_ht_ not _ _ctucLI_ cooling provislons, is s::own on _no ,. <oc._:>j

system dry wei,_ht is shown on line 8 w!_cil ehg,_ a_JDec_._ co_o_._''_]_-_+ .....,.,Fc_ 3.._;_"_ ............6:=o <,_.,: oil

Hne !o. Total resultant _ _'_ _ _ " .'._s_,

coolant is shown on line 12.

Cooling system weights are based on the use of _:_0S-124 coolant for all gO0°Y

systems, and eutectic Nak at !000°F and !500°F. To facilitate comparison of al-

ternate designs, a coolant flow of !00 oounds oer minute was -s=un.eu ti_roushou_

the study.

Eutectic Nak was also considered for 000 _ deszgns, because r_,-........-.7.-_.-_

cared that the small convection film te:nperature dron of ...."_m< mish! yield a

lighter overall cooling system design. A more detailed investi_'ation will be

required to verify this initial indication.

in all cases, cooling was assumed to be acco:ugiished by passing ccoiant

through ducts over external surfaces of the core and coil. Ducts were assumed

to be made of nickel or stainless steel to facilitate co_tainr_-ent of eutectic Nak,

and to be insulated from all windings.

Cooling system weight was found to be virtually _f-_ .p .........; _o _, '

heat loss. The percentage of total weight com_mrised by the cooiin_ system

was found therefore to vary from about 0.5 percent to _.__ear!y4 pe-,_cent, de-

pendin_ on the magnitude of the losses in ...._ i:_.:_< ....

*_%_onsanto Chemical Co. Trade i<ark



Coo:in5 system design analysis for a coolant flow <vT_;of =uo _,....-:.- .-_-

ute is oresented in Tables 3.9 a-8 and _e _._-.-_ _ _'-b for ". _ ..... _.,Jl_3. _,.-'-- is L0 zno£_:\:.:.\-_t

a_d _-_- 2.4-9

S .... " " _..... F_tJSOi';_ CIOI!, ',_C :'-'.'_-,__-,,a:z-:n of the temperature rises caused by _luld '.'_'_'-"- ...." _:_._" •.............

n_,m layer are listed in the _ m _ ,..... _ m ............. .-..... -,-,-._,, _-, .... +,_

convection film co-efficient of euteciic b[ak ,_s exeer_tiona!ly. 'n_sn,_" the" _e_:.,__-_ -

ature drop across the film will be in the order of i degree centigrade. See

Quarterly Report Number i, Figure 3.2.4-4.

In addition to the coolant flow of i00 _ _ "t3ouna_ per I_*D.Iiq_[e_

al data was used in the analysis:

.

26

Average Temperature:

for 1500°F.

Coolant Characteristics OS- 124

S_pecific Heat .50

= 1_n_ Coefficient 5

Fluid Density .0367

260°C for 500°F,

the _oilowz,-l__ _-_-_-

538°C ,_or _O00°F and 81_o<°_

N-ak

._

.0293

The tables show an overall coolant _ ..... * _-_ " ° the '_empe-_u± _ rzse =O-r" _ranszormer

. _,_S_ above _!iedesigns. There will also be a copper and iron te':_oerature -_ ,_

• t_,:___radie'ttbetwee:,_ sur-coolant temperature This temperature rise is :_

faces in contact with the coolant and those ;-ha__. are no:. =:_,e s:_-'_ zs ce-

pendent uoon the distance the }_eot has to +..... ' .... " the -'._sv_a-_.on _...... '-__-.-o :

type and thickness If ducts were placed De_v;een co_:s .... _ .... -.... a 65 :_r-

cent _ eduction in temperature g_ aa_,e_ ...._ ...."_ VT_:-_o:."_u_.s to

cool the primary, the estimated _r-, _;_"''_ s=-_-_ wou:a in the .__._ of
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transformer with a good heat conduc_dn_ material. "__ _ _ce._io=_=__ _..... -_ v_e___=_:-of

the potting material might be offset by ove-._a!! systen_ _._ei_ht s__vii%gs _aii_ed

by hi_her coolant temperatures and/or a lower eiect-_o-i_.agnetic v.Tei_ht v._ith

hi_her losses.

L

L



,___2

il._,__,.,_,iI_.._Cd., l_lOdel lot C_:C'Ci2}SII%_ Zile el_ecg Of Gzk>S._-,z :_._;c.C%

£._s_nsmissi.on lines hs.s yet to be develops&

feet ws.s_ howeve% derived in 1923 by Ho _°
1

-,_ .t j_ .,.mw:.g;.+o _ VTL:-P_ _" .... - '-:-

_,_O_diLS.deriva-Lio:n, :t was noted ''_........

4- mappesm to _neg_÷e_._h_ derivation, His _,p*oo .... _ _-_ c_-.u_.,=.-_..=_-_"-"'_:.......... ..._.... ,.,_._v_..... _ _,,__,_-._,.Q_.... _

good correlation with ereviously _-_, .... _"-'= ' °°

ratios for two-wire tra:_smission ![nes.

r-'-

A copy of one of his references has just been rece:w_ _,,.=...-_ ap'?e__rs "_e _:-,_

basis for his derivation. When this __°-_;--:,_c,_-:'=has c_n.... __-"--_z-_"_=v_.:_,.,_ >._...._ dierivaticn

may .Drove £o be correct. Mr. Dwight's _,.__._,___'_:_:-_s o_.::_x,.sd_ _,_.,__o irez'-

ative!y a number of i_inite series involving "-,__._......_.:._:.o:.__,._._=_:'_"...............o=:;-_-_,__'-'_:::,_,_-:,z:_.s,='__

i_.,__, Tf the method is-valid, {,-he _...........=:o

for a digital computer for o-_-_+_T_, of _'" _........:"_:.........._...._ _-+ .......

!itez-ature _e_-ch is r,,_-_fim:_o- "ST "_ for "_ .... .:.... :-:::'_:: ......:" s.:c.]ec:.

Because the transmission lines .... _-_"_"_.- "-- ' hig"L ..... :=_ ..... _ .....

in_ for dielectric strength wil! be needed. "i_:_.-_.,_2roxi.n_ity __:¢c_.............. wou.:c_"" ' :-c::.,::=--be

reduced greztiy as ooipfced out in the _° .............. ':"_-_ _<_,_..#,..=:. ,.,° i_i _]C/</LLik�i. 9 ....

m__ce %_.o-wire d_-:_ '.....a.ooroximeiion._ might be _ _ us_g"........ ,.,.,. ce.:.cu--_:e tfe j,_......o._,,..,=,=_'_--_'"-"'

e¢¢ec{-.. . m>-_=...,should be p=s--:_-_'_,,____......i_] ]_}=_,_..... ";I ' ' _ C' I ' : 7 :" I'" ': = ....< h{,ve less ,,_ n.........

I. _"':=. _'_" H. _._" "_3ro"_.._._.,_.-W'=.... ..-.,_::_<.;_"__.......... ._:, <L_, .........,_......s _=_"..._._' _, :,..,_. ._--_,.._,.=u,, -o._ -;-,-_,,.,:_

25 0



_',,_':'-.o.. /,- ,/ "", _._G"',-,_ _ c_)0 _--.;.z.7_. _ "r"t" .'_ -5%,,"_"_ _'-'_ _ ' ' ,-q _,c'_-_,-_ _--.-. -_

_!gu_ e 3 2.5-±0 in the -_- _ ' " ' :_- _..... -_ ' " ....

the tot&! (interna! and e._ern_1 f!tb[ li_ka_e) inductance; _cecomes even sn-&11er

as _h_ !ines are moved c!oser to_ether.

Four-Wire _'_" " " '± ransmLssLon

Because atl conversion schemes in this study will c,. the -i-ULL--Wmve _ :_._, nO

_ "_ ........ .:_^ _,--i._._',_+4,-.---, _ _,r"._] "_-.,-,+ 1_- coi_-

sidered any further.

2_Oi
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